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INTEODUCTORY PREFACE 


The manipulation ol gases has been the object ot <ittcution at 
various epochs of chemical history Scheele collected bin gas(‘H 
in bladdeis, Tiiestley, unconsciously imitating Mayow, brought 
the pneumatic tiougli into use, and Ikmscii devised proc(\SH(\s 
still employed in analysis of gases The device ot S])rengtd s 
pump, and later that of Toplei, has placed a new instiunumt at 
the disposal of chemists, and the ingenious methods ot Ilampson 
and Linde of producing Inpiid an in quantity has ina(h‘ it posHibh* 
to deal with gases as easily, it not moie so, as with li(|UidB In 
the leseaich on the gases of the helium senes a innnlKU ol woiktMs, 
including Loid Rayleigh, and Dis (tdlie and Tuivius, hav(‘ made 
use of appaiatus, a desciiption of wlindi does not always apjaMr 
111 the oiigmal piapeis on the subject, but wliieh will b(‘ lound 
tieated of in tins volume Dr Tiaveis has also taken the o])poi« 
tiuiity of tabulating the more important constants rcdating to 
gases, and what is perhaps of still greater moment, of (hre(*tmg 
the attention of chemists and physicists to laeiime. in knowle<lgi*, 
which suggest subject foi reseaicli 

William Uamsw 


Umm hsu\ Ooilh f, London, 
Octohei moi 




PEEEACE 


In the following pages 1 have attempted to give an account ol 
the experimental methods ■which have been applied to the study 
of gases, and to describe the moie impoitant researches which 
have been earned out with a view to deteimining their properties 

It IS piobable that in no other section of chemistry oi 
physics do such disci epancies occur as exist among the experi- 
iiieiital values assigned by different investigators to the physical 
constants lelating to gases The existence ol such irregularities 
lendeis the ticatiiient ol the subject lathei dithcult, and as in 
many oases the methods ol manipulation, and the maiinei in 
which the gases expei mien ted ujion were piepaied, aie oiil'y 
briefly desciibcd iii the oiiginal papeis, it is often impossible to 
airive at the probable souices ol eiror In stating lesults I have 
111 many instances attemiited to indicate to what extent they 
may be relied upon 

The bieadtli ol the subject does not peimit ol its complete 
tieatmeiit within the limits of a single volume I have therefoie 
been obliged to lestrict myself to a description of such methods 
as may find application in leseaich, and of those investigations 
which eithci involve now piinciples, or winch lead to results ol 
inipoitance lii the cliapteis which deal with the liquefied gases, 
ol which our knowledge is daily increasing, statements aie made 
winch may shortly need levisioii This is particularly the case 
with legaid to exiieiimeiital lesiilts which involve measurements of 
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temperature, foi until we ainve at a moie certain knowledge of 
the relationship between the piactical tlieimoinetiic and thermo- 
dynamic scales of tenipeiature, the values of physical constants at 
low temperatures must letam a moie oi less empirical character 
A consideiable portion of the book is devoted to the descrip- 
tion of the methods which have been developed during the 
investigation of the gases of the helium group, and which aie 
capable of application to the study of othei problems The 
opening up of this new field of research we owe to Piofessor 
William Eamsa}, and I take this oppoitunity ot thanking him 
for that training and expeiience in experimental science which 
I have gamed while woiking with him at University College 
To Professoi J Xorman Collie, to Mr E C C Baly, and to 
I)i E Gr Donnan, I am much indebted foi the advice and 
assistance they have rendeied me I also wish to express my 
most sinceie thanks to Mr George Sentei, BSc, foi levising the 
final proof-sheets of the book 

Morris W Travers 


UNHFrsm College, LoM)o^, 
(ktobrj 1901 
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CHAPTEE I 


THE FUNDAAIENTAXi GAS LAWS 

Matter in the gaseous state is capable of completely filling all 
available space, and, except so fai as gravity is coiiccnied, of 
distributing itself equally thiough that space It is, theieloio, 
necessaiy to coiisidei the conditions undei which a gas is confined, 
in 01 del to determine its quantity voliiinetiically 

The two fundamental laws which connect the volume ot a g<is 
with the teinperatuic and pressuie under which it is conlined, 
aie as follows — 

The mlume oj a ijas nmus tnceiseli/ as the nrded 

u^on it (Law of Eoyle and Maiiotte) — 

The mlume of a gas nt coiistavt pcsswic tncnuiscs oi i/eneasf't 
ly ^1 01 0 00 iocn oJ 'its mimic at 0° O ioi mu/ dm/ier Oni/i.- 

<pade thoiK/h which it heated m cooled (Law of (Jay-Lussac) 
Thus, if wo reckon teiiiperatuie fiom — f J , the alisoluto 

zeio, combining the two laws — 

rn rp 

In Older to obtain comparative measurements it is necoHsaiy 
to lednce the observed volume of a gas to its volume under 
standard conditions The standmds which have been adopted 
for convenience are 0° C, the melting-point of pine ice, and the 
pressuie equivalent to 160 millimetres of mereuiy at 0° (1 in 
latitude 45° This is equivalent to 10136x10'’ dynes pet 
squaie centimetre, in absolute measuie (see p 117)'- 

1 The ratio of the values of the giavity constant in the hascnient of Uinvoisity 
College, London, and at sea level m latitude 45“ is as 1 to 1 000b 

B 
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In dealing with mixtuies of gases, each gas may l)e con- 
sidered as exerting a pressuie, dependent only on the quantity 
of it which IS present in the mixture The piessuie exeited 
by a gaseous mixtiiie is the sum of the partial piessuie ot the 
constituent gases — 

It IS also necessary to assume Avogadio's hypothesis, founded 
on Gay-Lnssac’s law of volumes, m older to connect the chemical 
and physical pioperties of gases Eqiud wl times of all gases, 
unde') the smie cond%t%ons of teonpei aUt'i c and ptessuie, contain the 
same numbe't of 'tnolecules 
The general equation, 


can be given a simplei foim it ve suppose the symbols on the 
right-hand side to lepiesent the unit volume ot gas undei 
standard conditions of temperature and piessuie, unit volume 
being taken to be 22 39 litres, the volume of one gram molecule 
of any gas — 




Vot 

273 

760x 22 39 


273 


= RT, 


If we express the pressure in atmospheres, the value of II in 
litre-atmospheres becomes 


22 39 

h = -^=00819, 
PY==00819T 


This equation finds wide application m the study of the propeities 
of gases 

These laws hold true only within the limits of ordinary 
experimental lesearch, and must not be taken to express the 
lelationship between volume, temperature, and prcssuie ovei 
wide ranges The deviations from the general laws will be 
considered later 



OHAPTEE II 


MERCURY-PUMPS 


Oldei foim of pumps — Geis&lei’s pump — Toplei’s pump — Accidents to pumps — 
Baly’s pump — Shoitened lift pump — Automatic woiking of lift pump — 
Spiengel s pump — Multiple fall Spiengcl’s pump — Pioductioii of Ingh vacua — 
Sill lice condensation ot gases — Methods of puiifymg meiciiiy and of cleansing 
glass appaiatus 


Tpie opeiatiuns in\olved in the deteimination of the chemical 
and physical pioperties of gases consist foi the most pait in 
transfening quantities of gas liom one piece of appaiatus to 
anothei If the gas undei investigation can be obtained without 
difficulty and m huge quantity, it is a mattei ot little impoitance 
whethei any quantity of it be lost oi contaminated liecently, 
however, the investigation ot the “laie gases,” which can only be 
obtained in small quantity, has rendeiecl it necessaiy to constiuct 
appaiatus to enable the whole ot the gas to be collected m a 
state of puiity at the end of each expeiimeiit 

In recent years the mtioduetion of improved foinis of 
mercury-pumps has lendered woik of this kind possible, and the 
lemoval of a quantity of gas from one piece ot appaiatus to 
another, without measurable loss or appreciable contamination, 
has become a simple mattei 

Meicury-pumps may be considered as falling into two classes, 
lift-pumps, in which the gas in the pump-chamber is expelled 
by the upward motion of the nieicmy, and pumps ot the 
Sprengel type, in which the meicuiy falling in diops down a 
capillary tube caiiies the gas with it, expelling it at the lowei 
end 

The lift-pump finds its origin in the discoveiy ot the principle 
of the barometer by Torricelli in 1643 In its earliest form a 
funnel, closed by a glass plate, was filled with mercury and 
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inverted so that the mercury ran into a basin, leaving the funnel 
vacuous Latei, a globe connected with a two-way steel stop- 
cock at the top, and below with a fall-tube bent on itself, and 
terminating in a funnel, was employed The globe was filled 
with mercury through the funnel , the stopcock was turned so 
as to expel the an and then closed The mercury was then 
allowed to inn out at a tap at the bottom of the fall- tube, and so 
pioduce a vacuum in the globe, the two-way tap was then 
turned so as to place it in communication with the vessel to 
be exhausted These operations were repeated till the limit of 
exhaustion was reached 

The first important improvement in the instrument consisted 
in replacing the U-tube, tap, and funnel by a flexible limb and 
reservoir, and finally, by a rubber tube and 
reservoir Subsequently the steel two-way 
stopcock was replaced by one of glass, sealed 
directly to the pump-chambei (Fig 1) 

Fiom the time of its introduction up 
to the middle of the present centuiy, the 
mercury - pump held alternately with the 
mechanical air-pump, as the result of succes- 
sive improvements in one oi the other, the 
position of being the best means of producing 
a vacuum The lift -pump, with the simple 
two-way stopcock, was incapable of becoming 
a very efficient machine on account of difii- 
culties connected with the construction of 
the tap 

Since mercury does not wet glass, its 
capillary action is negative, and it is neces- 
saiy to exert pressure in order to force it 
into small cavities In consequence of this 
the meicury in its upward passage through the stopcock does 
not remove the air contained in the irregularities which must 
necessarily exist about and below the hole bored in the plug 

In the Geissler pump (Fig 2) an attempt was made, and 
with some consideiable success, to overcome this difficulty by 
means of an arrangement of three taps attached to the pump- 
head 

The plug of the tap was pierced in the form of a flattened 
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cone, so that the pump could be placed in communication either 
with the side-tube connected with the vessel undei exhaustion^ 
or with the atmosphere 
During the eaily stages of 
exhaustion, the taps 

remained permanently 
open When no more air 
could be moved by simple 
exhaustion, owing to the 
irregularities which existed 
about the plug of the stop- 
cock the taps and 
were brought into action 
Mercuiy was first allowed 
to iim thiough the whole 
system of taps , the upper 
one was then closed and the 
reservoir lowered till the 
mercury fell below the level 
of the lower stopcock The 
air which had previously 
been retained about the two 
lower stopcocks, now filled 
the whole space above the mercuiy at much reduced piessure 
The reservoir was then raised so as to diive this air into the 
space immediately below the upper stopcock The middle stop- 
cock was then closed, and the operation repeated The whole of 
the pump-chamber was in this way so far freed from traces of 
air, as to rendei it possible to produce a much highei vacuum 
than could otherwise have been attained to 

This ingenious but clumsy apparatus has now given place to 
pumps of simpler construction, in which stopcocks, the cause of 
the whole difticulty, are entirely dispensed with 

In order to attain maximum efficiency the pump should be 
so constructed that the rising surface of the mercury comes 
m contact with a continuous surface of glass only Taps, or 
ground-glass junctions, must be avoided, as they are certain to 
lead to the retention of small quantities of air, and so render the 
pioduction of high vacua impossible 

The Toplcr pimp — In many of the operations which will be 
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described latei it is iiecessaiy, not only to remove d quantity of 
gas completely from a vessel, but also to collect the gas without 
loss, and free from admixture with air The Topler pump 
(Pigs 3, 4) satisfies these conditions, and possesses the additional 
advantage of being simple in constiuction and easily lepaiied 
For laboratoiy use the following measuienients 
have been found convenient, but the geneial dimen- 
sions may, of course, be vaiied with legard to the 
work in view, the efficiency of the instrument 
will, however, depend upon the attention which is 
paid to certain details in its construction 

The pump -chamber A (Pig 3) is made of 
stout glass, and should be about 200 mm long 
and 50 mm in diametei , the ends, and par- 
ticularly the uppei end, should be tapered con- 
siderably to meet tubes of about 13 mm in 
diametei If the upper end of the pump-chamber 
presents a surface approaching to the hoiizontal 
to the mercury as it uses to the pump-head, films 
or even bubbles of an may be entrapped between 
the mercury and the glass, and exhaustion will 
be slow The side-tube, which joins the vertical 
tubes at P and H, should also be of about 13 
mm diameter , the internal angle between the two tubes at 
the upper junction should, for the reasons given above, be very 
acute The tube 0, through which the gas enters the pump, 
should be much narrower than the side-tube, 4 mm is a con- 
venient diameter , if it is not made so the gas which enters the 
pump while th6 mercury is still falling, may carry the whole of 
the mercury in the side-tube into the upper part of the pump, 
and cause a serious fracture If the pump is piopeily con- 
structed, the gas will rise in bubbles between the mercury and 
the glass 

The vertical tube F at the top of the pump-chamber, should 
be tapered to meet the capillary tube Gr, which should be bent on 
itself in a continuous curve of about 3 cm in diameter immediately 
above this point The length of the capillary tube should be 
about 800 mm, and its internal diameter should not much exceed 
1 mm , It should be turned up at its lower end so as to admit 
of collecting gases through the pump, The capillary tube may 


when broken 
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easily be lepLaced when, biokeii if a sufficient length of tube is 
left above the junction at F A piece of tube, of the same 
diainetei as the vertical tube of the pump, is fiist sealed to a 
stiaight piece of capillaiy tube of sufficient length The tube is 
woiked in the blowpipe fiaine till a perfectly even tapeied 
junction is obtained , it is then bent, cut to the right length, 
and sealed to the pump -head with the aid of a small blow- 
pipe The efficiency of the pump will depend to a great extent 
on the caie which is expended on this part of it 

The lowei \eitical tube should be so long, about 800 mm, 
that when theie is a vacuum in the pump and the meicury 
stands below the level of the joint H, the lower end of it lies 
below the level of the meicury in the reseivoir, or air may 
slowl} leak into the pump through the junction with the rubber 
tube The rubbei tube should not be longef 
than IS necessai} to allow of the reservoir being 
laised to the level of the pump-head, and its 
internal diametei should be neaily as laige as 
that of the glass tube to which it is attached, 
so as to allow of the fiee flow of the meicuiy 
In oidei to obviate any chance of the lubliei 
tulie bill sting, it should be sewn into a stiip of 
leathei oi enclosed m a piece of hollow cotton 
lamp-wick 

Tn 01 del to pi event the meicuiy fiom passing 
into the tube 1), containing pentoxidc of phos- 
phorus, when the leseivoir is laised, the tube (J 
may be earned vertically iipwaids to a height of 
about 900 nim and then bent on itself It is 
more convenient, howevei, to employ a glass 
valve Y as in the figuie, and it is piohable that 
the late of exhaustion of a piece of appaiatus 
<ittached to the pump would be considerably 
(leci eased by the iiitei position of the long glass 
tube The 'valve should lie ground so that its 
uppei suiface fits sufficiently accurately into the 
ninei suiface of the tube containing it to hinder 
the passage of the mei cury , the angle between 
the two suifaces should be veiy obtuse, oi the valve may tend to 
remain closed after the mercury has fallen Tlie top of the valve 
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should be on a level with the junction P (Fig 4), so that the 
mercury closes it before it reaches the capillaiy tube 

The tube D containing the pentoxide of phosphoius (seep 
41) IS usually connected with a large two-way stopcoih T, so 
that the pump may be used in connection with nioie than one 
piece of apparatus 

The pump may be hxed to a stout board as in the figure 
The block H is cut so that the bottom of the puinp-chanibei lests 
on it, and is kept in place by means of a strip of biass and a 
couple of sciews The fall -tube passes through a hole iii the 
bottom of the tray, a cork fitting closely to the fall -tube 
serves to keep it firmly in place, and to prevent the escape oi 
meicury through the hole The tray supports the basin into 
which the end of the capillary tube dips The board to which 
the pump IS attached may be sciewed to the wall at a convenient 
height, or fixed to a stand 

The reseivoir may be placed in a bracket, or supported in a 
retort ring with a piece cut out of it to allow of the passage of 
the rubber tube The retort ring may be fixed to an non rod 
passing through holes in the tray and stand A pulley and coid 
may be found convenient in working large pumps 

Method of vm hiifig the TojpUi pmiip — The punij) is first 
carefully cleaned with chromic and sulphuric acids, washed with 
distilled water and alcohol, and clued It is then set up on the 
stand, the tube C is sealed to the tube D, containing pentoxide 
of phosphorus, and the rubber tube and reservoir are attached 
When sufficient mercury has been poured into the leseivon and 
trough the pump is ready for use 

The reservoir is raised so as to expel about two-thiids of the 
air in the pump-chamber through the capillary tube, and is then 
lowered As the mercury falls the air in the tube containing the 
pentoxide forces its way through the mercury in the side-tube, anc 
enters the pump The operation is then repeated, but during the 
fiist few strokes the an should not be completely expelled fron 
the pump-chamber If this precaution is not taken the an wil 
begin to enter the side-tube, while it still contains a long colunii 
of mercury , it will not then bieak up into bubbles, but wil 
probably cairy the whole of the mercury upwards against th( 
junction F, causmg a serious fracture On no account should th' 
tap T be opened while the mercury is falling m the pump 
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chamber, or a similar accident may result In any case the gas 
should only be allowed to entei the pump slowly A rapid 
current of gas may impact the pentoxide of phosphor us into the 
end of the tube containing it, and rendei subsequent exhaustion 
very slow 

During the last stages of the process of exhaustion caie must 
be taken that the meiciiiy does not come into violent contact 
with the top of the pump, or a fracture may result The mercury 
may be allowed to rise rapidly to the lunction F , it may tlien 
be checked either by pinching the rubber tube or by lowering the 
reservoir With piactice the action becomes automatic 

When a pump is first set up it should be allowed to lemam 
exhausted foi a sufficient time for the complete absorption ol 
water in the apparatus by the pentoxide of phosphorus 
Furthei, since gases like carbon dioxrde condense in considerable 
quantity on glass surfaces, the maximum efficiency wull not be 
reached till the pump has been filled with air, and exhausted 
two 01 tliree times 

Collet ting the gcib dehocied fiom the 'pump — Gases removed 
from any vessel by means of the pump may easily be collected in 
a state ol absolute purity A tube filled with meicmy (p 26) 
IS brought over the upturned end ul the capillaiy tube, and tlie 
gas IS deliveied directly into it 

Accidents — With ordinary care, a Toplei pump may be used 
for yeais without a serious accident The capillary tube may be 
hequently replaced (p 18), and so long as the crack does not 
extend into the T -joint any fractuie about the upper part of the 
pump may be made good with the aid ol a small blowpipe 
Sometimes a crack appears in the capillary tube, and extends 
slowly along its entire length The crack may commence either 
at the top or at the bottom of the tube , but as the crack does 
not appear to cause a leak, the pump may often be used for weeks 
III this condition The cause lies, m all probability, nr the vibra- 
tion set up in working the pump , in some pumps capillary tubes 
may ciack one after the other, in others no crack e\er axipears 

The tube containing pentoxide of phosphorus must be replaced 
as soon as the reagent becomes exhausted It is essential to the 
efficient working of the pump that all moisture shall be com- 
pletely absorbed 

In larger pumps the chamber is often made peai -shaped for 
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convenience This foim of pump (Tig 5) has not, howevei, au} 

particular advantage over the cylindrical foiin 

Toi the lapid production of high vacua in laige 
vessels, when it is unnecessaiy to collect ^ 
the gases, a pump invented by Mr E C 
0 Baly has been found to give very good 
lesults Mag September 1894) The 
pump consists of thiee chambers con- 
nected by means of syphons, which have a 
small internal diameter The tube (i is 
connected with a reseivoir, and the tube 
h through a long vertical glass tube or 
a valve to the appaiatus undei exhaus- 
tion The tap c is connected with a 
watei-pump which is kept running during 
the whole exhaustion 

Aftei preliminary exhaustion by means of the watei- 
pump, the meicury is caused to rise in the pump till it 
flows into C the merciuy is then allowed to fall The 
vessel 0 now contains air at the piessure of watei vapour ^ 
at the temperature of the water in the pump, B contains a 
Torricellian vacuum, A contains gas at low pressure When the 
mercury again uses it drives the gas from the pump-chambei into 
the chambei B, and in oidei to prevent any quantity of gas from 
accumulating in B, the mercuiy is now and then allowed to rise 
so far as to fill the chambei This, however, is only necessar}’' 
during the early stages of the exhaustion The upper chambei 
of the pump may be constructed like a Topler pump in older to 
collect the gas delivered through it 

Shoite lied form of hfi-ggirnyp — If the pump-chamber is laige 
the work of lifting the reservoir will be considerable, even if the 
appaiatus is fitted with a winch and cord The following method 

has been worked with success, and obviates all laboui in using 
the pump 

The pump and reservoir are fixed permanently in position, so 
t at when the pressuie is the same in each the mercury in the 
pump stands at about 10 cm below the point of entry of the side 
tube The connection between the two may be of glass 

The opening in the top of the reservoir is closed by a rubber 
stoppei thiough which passes one limb of a two-way stopcock. 
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By means ot the stopcock the interior of the chamhei may be 
placed in communication with a water-pump or with the atmo- 
sphere , by turning the stopcock 
alternately one way and the othei 
the mercuiy is caused to use and fall 
in the puinp-chambei The apparatus 
must, of course, be partially exhausted 
by means of a Fleuss oi watei-pump 
befoie the automatic ariangement can 
he started 

This apparatus can be made to 
work absolutely automatically by 
means of a device designed by Mi E 
0 C Baly The tap a which is in 
communication with the ineicury 
leseivoii 5, with a water -pump, and 
with the atmosphere, can be 
turned thiough an angle of 

9 0^ by means of the mechanical ariangement shown 
in the figuie The beam ctl lotates about the point 
and cariies at the end c a weight, and at cl a cup which 
can be filled with water by means of a flexible tube 
attached to it, oi emptied by means of the syphon / 
The late at which the leseivoii fills is regulated by 
the time required for the meicuiy to use and fall in 
the pump When the cup is empty the end d of the 
beam uses and places the mercuiy leseivoii h in con- 
nection with the watei-pump , the mercuiy then falls 
in the meicuiy-pump In the meanwhile the cup is 
filling with watei, and when its weight becomes greater 
than that of the countei poise at <?, it falls, turning the 
tap a, so as to admit air into the mercury leservoir b 
The syphon f is so legulated that at the moment that 
the meicury has completely expelled the air from the 
punqi-chambei it empties the cup The tap a is then 
<igain automatically turned, and the process lepeats 
itself 

The Spengel 2 mm;p — Meicuiy-pumps of the type 
introduced by Hermann Sprengel m 1865 aie still 
extensively employed by manufacturers of glow-lamps and for 
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other purposes In its simplest form the meicuiy falls in chops 
down a capillary tube, carrying with it air from a side-tube which 

IS sealed to the vessel nndei exhaiis- 



A B 

Fig 9 


tion (Fig 8) This pump was em- 
ployed by Graham in Ins lesearches 
on the diffusion of gases 

The mam difficulty to be con- 
tended with in working the pump 
was due to the bubbles of air earned 
down by the mercury fiom the funnel 
This was only paitially overcome by 
the introduction of an inveited syphon 
between the funnel and pump -head 
only An airangement in ti educed 
by Osmund m 1874 ni which the 
meicury entered the first limb of the 
syphon through a long naiiow tube 
leading neaily to the bottom of it 
IS a distinct improvement, and aii 
traps (Fig 9, B, C) placed in the 
ascending limb of the syphon aie 
very effective, hut none of these 
methods are quite satisfactoiy 

The solution of the difficulty has 
been found in the mtiodnction of <in 


exhausted globe between the leseivoir 
and pump-head (Fig 9, B) The mercury passes from the rcseivoii 
to the top of the exhausted globe through an inverted syphon, and 
enters the globe through a jet, which is slightly 
bent to one side The stream of mercuiy 
impinges against the side of the globe, and 
falls m small drops into the first limh of 
the second inverted syphon, which carries it 
to the pump-head The globe may be ex- 
hausted by means of a second pump, and 
permanently sealed, and after working for 
months only a minute quantity of an will 
have accumulated in it This addition lenders it possible to 
attain a higher degree of exhaustion than by any other means 

ic pmnp md In the earlier forms of Sprengel pump the 
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Side-tube was set into the vertical fall-tube at an angle slightly 
inclined npwaids Latei the introduction of the syphon led 
to placing the tube neai the top of the fall -tube Either of 
the forms shown 111 Elgin e 10 answer satisfaotoiily 

A mercuiy injectoi has been used in connection with single- 
fall Sprengel pumps, but the results are not bettei than those 
obtained by means of the simplei form 

To prevent the return of the gas which is earned by the 
mercury down the fall- tube, and which duiing the 
last stages of the exhaustion is too minute 111 
quantity to form bubbles, Mees (1875) introduced a 
bend in the fall-tube (Eig 11) just below the point 
at which the column ol mercuiy becomes continuous 
The gain is not, howevei, as great as might be expected, 
and the liability to breakage is many times increased 
The length of the fall-tube should be about 900 
mm , and it should have an inteinal diameter of al)out 
1 5 mm 5 the lowei end may be bent upwaid in Older to allow 
oi gases being collected 

Tht 'nmlthfjQ-fall fipienr/el pwaj) — Spiengel pumps with moie 
than one fall-tube have been, and still aie, laigely used A 
simple form with hve fall-tubes is shown in Eig 12 A The 
mercuiy from the leseivon is brought to the pump-head l)y an 
aiiangement of tubes similar to that already desciibed, and falls 
into the capillaiy tube fiom jets in the tube a Tlie capillary 
tubes need not be sealed to the pump-head, but may be joined to 
it, as in Fig 12 B, by lubbei tubes piotected by mercuiy cups 
It IS impoitant that the jet should he directly ovei the top of the 
capillary 

Gimmingham’s pump has seven fall-tubes which are sealed 
directly to the pump-head (Pioc Boy Soc 1876 , J Ohmn Indmt 
1884) 

A shortened form of Sprengel pump (Fig 13) was first iiitio- 
duced by Nicol The mercuiy falls from jets in the tube a, as in 
Fig 12, into the capillary tubes, which aie short and pass into a 
vessel I connected with a watei-pump and with a wide fall-tube 
of such a length that the mercuiy uses to a siillicient height m 
the vessel h to covei the lower ends of the capillary tubes The 
gas removed by the Spiengel pump is delivered into the water- 
pump vacuum in b 
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One of the chief difficulties in the practical woikni^ of the 
Sprengel pump lies in the formation of meiciiious oxide in the 

fall- tube at the point 

where the falling drops 

of mercury strike the \ 

top of the permanent ^ 

column This is only ^ []] [rj jY] ^ 

found to happen when 
the gas in the pump is 

air or oxygen, and is ^ f |T J i J 

due to the formation ^ f Q 

of ozone and nitrogen 

oxides by the electrified 

mercuiy Where only lot' 

a moderate vacuum is lequiied it will be found that 
the introduction of a few dropb of sulphunc acid into I 
the pump facilitates its action, in this case, howevei, I 
the diameter of the fall-tube should be somewhat laigei ■ 

Puhm%naQy aliaust%on of ayipaiafits — Much tinu 3 <ind laljoni 
may be saved by employing a Fleuss oil-pump oi n water-puini> 
foi the prelimmaiy exhaiisUou of pieces oi .ippdiatu.s Tim doiilde- 
cylinder lleuss pump, when m good woikmg (ii(l<‘i, will oive a 
vacuum such as is requiicd foi the pioduction ol the A' lay" \ 
watei-pump woiking with a head ol watei ol tIuity-l,Ve leet will 
leduce the piessure to the vapoiii piessuie of the w.itei pus, sum 
thiough It A good watei-pump cm only ho obtauusl hy te.stiim 
a numbe, of ^ .suleeting the host 

Methods of pimifyvuj mmoun,~-Aiin hoing in nse loi lorn- 
inie mercury is sure to become coiitammatcd with simill iiuauti- 
ties of lead, copper, zme, or othei metals with whieh it may come 
in contact Goppei is usually lutioduced when coiiiiei wire is 
used in securing rubbei connections, small ehpinngs of cornier 
dropped accidentally on the table coming m contact with meicnjy 
zinc and ead aic usually present m commercial nicuniiy. 
methods for the distillation of mercury have been deaenbed hut 
the process itself is inefficient in sepaiatnig the volatile zme ’ 
Mercury whieli is not veiy impure may be easily pnrilicd hy 
he following method The dry meicuiy is pouicd iiho a tube ns 
in Ii^ 14, which should be about 5 cm in diametei, about 80 cm 
long, and which is inclined at a slight angle hy me’ans M Idol 
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A gentle current of air is made to flow, by means of <i Yatei 
pump, over the surface of the mercury for about tweut} ioiu 

hours The inipuiities 
are quickly oxidised, and 
the puie meicuiy may 
be filteied off 
Pig i-i By allowing meieuiy 

to fall in a fine stream through a 5 per cent solution of nitiic 
acid in a ^eitical tube, as in Fig 15, it may be quickly fieed 
from impurities The pure mercury flows out thiough the 
capillar} tube at the lower end, quite diy and practi- 
cally pine The acid should not be allowed to stand 
in the tube when not in use, as it will form a ciust of 
the nitrate in contact with the residual mercury The 
impure mercury can be fed m at the top thiough a 
funnel drawn out to a fine point 

"When meicury is veiy impure it may be easily 
purified in the following manner The merciiiy is 
placed ill a stout filtering flask (Fig 16) beneath a 
5 per cent solution of nitric acid A glass tube 
passes through the cork nearly to the bottom of the 
flask, and a current of air is caused to pass through the 
liquid by connecting the side-tube of the flask with a 
water-pump The liquids are subsequently separated by <i tap 
funnel, the solution of mercurous nitrate being returned to the 




flask foi further use 

Cleaning a^ppcoatiis which has contained 

wercmy — When glass apparatus winch has coii- 
tamed mercuiy has been in use for some tune 
f \ it is liable to become coated on the inside 

/ \ with compounds of mercury If the gas 

/ \ which has heen allowed to enter the apparatus 

/ ■ ' ■ \ contained sulphur compounds 

traces of the halogens, the coating is suie 
to consist partly of sulphide or halides of 
mercury, which are almost impossible to 

Fig 16 remove by means of ordinary reagents The 

following method has been found very efficient 
in cleaning apparatus which has become very dirty thiougli long 
use Zinc dust is made into a thin paste with water, and 
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the liquid IS poiiied into tlie appaiatiis, winch is shaken so that 
the sides become well coveied with the zmc Dilute hydio- 
chloiic acid is then added and the apjiaiatus is again well shaken 
and finally washed out with watei The insoluble ineiciiious 
compounds are now 1 educed to metallic mercuiy which can be 
lemoved iiith a little stiong nitiic acid 


0 
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Sealed glass jurLctioiis — India lubbei connections — Gionnd glass junctions — Methods 
of connecting metal and glass tubes — Stopcocks — Thiee way stopcocks 

Sealed-glass junctions — It is often convenient, and sometimes 
absolutely necessary, to connect pieces of glass apparatus by seal- 
ing the leading tubes in situ in the blowpipe flame It the tubes 
are of not more than one centimetre in diauietei, the opeiation is 
an easy one, and may be carried out in the following maniiei 
The tubes are biought together so that the edges exactly 
coincide, and a piece of rubber tube is connected with a side-tube 
or stopcock leading to the interior of the apparatus , all the othei 
openings are closed The edges of the tube aie fiist caiefully 
heated m the luminous flame, and when thoioughly annealed the 
gas is turned down so that Mhen the blast is turned on only a 
short section of the tube is heated The junction must now be 
rapidly heated on all sides and the edges pressed together so as 
to leave no gap , if this is impossible, oi if the glass shiinks back 
so far as to leave a gap, the junction may be completed by means 
of a thin rod of the same kind of glass and a very fi.ne blowpipe 
flame The junction should next be strongly heated so that the 
glass melts, the tube shrinks to about one-half of its oiiginal 
diameter, and is then blown out again by means of the lubber tube 
attached to the apparatus This operation is repeated till all 
trace of a Ime of union disappears The junction is then again 
carefully annealed in the blowpipe flame 

It is essential that the two glass tubes should be of the same 
kind of glass or, though it may be possible to seal them togethei, 
they will afterwards come apart Fuither, it is sometimes im- 
possible to manipulate old glass in the blowpipe flame, as it 
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devitrifies, become? ciystallme, and does nut melt Tiaces of diit 
nc pai ticularl j of pentoxide of phosphouts, lenclex it impossible 
to make a good ]omfc, so that the tubes should always be washed 
oxit anddiied before an attempt is made to seal them togethei 
contained mercuiy appeal to be somewhat 
axfficult to manipulate, though the cause is not apparent 

In sealing capillary tubes togethei the ends should he blown 
into bulbs, and a veiy small flame should he used 

If the total capacity of the appaiatiis is laige, great care must 
oe taken m blowing out the junction, and a wide rubber tube 
^^Hould be used Since the pressure required to expand a bubble 
^'aiies inversely as its diameter, the piessme required to expand 
^ melted tube decreases as its diameter gets greater Conse- 
luently though it may be at first difficult to blow out the tube 
‘^ffiich has been melted clown in the blowpipe flame, when once 
’ ai ted, the pressure in the apparatus may be sufficient to expand 
into a lailb, unless the side-tiihe is of sufficient eioss-seetion to 
flow of its being quickly released On the other hand, m seal- 
8 togethei small pieces of apparatus it is unnecessaiy to employ 
^ side-tiihe at all The edges of the tubes aie well heated and 
ressed togethei, and the junction is melted lu the blowpipe flame 
Axe iiiciease of piessme in the apparatus is sufficient to expand 
fflctivSy^'^*" requires some practice to cany the operation out 


To connect pieces of appai.itus at a dist.ince, a piece of glass 
-xtoe IS cat to the exact length, and connected with one of the 
sading tubes by a piece of riibbei tube about 2 cm long The 
ibe IS then held in position m a clamp, while the free edges are 
ialecl, and when this is done, the riibbei tube is removed and 
le second junction is made If the tubes to be sealed vi situ 
e ot different diameter the larger tube must be heated, drawn 
It to a long taper, and cut at the light point This cannot be 
>ne m the ease of tubes which differ very gieatly ni diametei 
Jncltco-^ulhc'i coniuctiom , — In certain cases where it is 1111- 
>ssible to seal the tubes together, lubbei connecting tubes may 
5 employed, and, if proper precautions aie taken, there is no 
»jection to thou use To connect tubes up to T mm 111 
ameter, thick -walled rubber tubes of about 2 mm internal 
ameter and 6 mm external diameter should he used The ends 
tlie glass tubes should be rounded in the blowpipe flame and 
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forced into a piece of the lubhei tube about 3 cm long till they 
meet A single turn of copper wire rather less than 1 mm 
in thickness is bi ought lound each end of the rubber tube, and 
IS twisted tight by means of a pair of pincers 

To lender the junction more secuie a little tap grease (p 24) 
may be lun in between the rubber and the glass by means of a 
heated iron spatula It is not advisable to heat the ends of the 
glass tubes before forcing them into the rubber tube , the 
junction IS not rendered much more secure and the interior of 
the appaiatus is filled with the vapour of the decomposed rubbei 
The junction may be enclosed in mercury in order to rendei it 
nioie thoroughly an -tight (p 70), it is, however, questionable 
whether or not gases can pass between the surfaces of the 



mercuiy and of glass in contact Both Crookes and Moiley state 
that in order to render a rubber junction, which leaks slowly in 
contact with air, perfectly air-tight, it should be protected by 
mercury, and the surface of the mercury should be covered by a 
layer of sulphuric acid 

To connect pieces of quill tube to tubes of larger diameter 
the following method has been found convenient (Pooc B S 
60 , 442) The larger tube (Fig 17), which may be of hard or 
soft glass, is drawn to a neck at A , a piece of thick-walled 
lubber tube is passed over the end of the small tube, which is 
then for ced into the neck of the large tube The space above 
the junction may be filled wnth mercury or other liquid This 
form of connection possesses the advantage that only a very 
small area of the rubber is exposed to the action of gases inside 
the apparatus 

Gwimd-glass jimchons — If it is necessary to take a piece of 
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apparatus apart frequently, it is convenient to make the con- 
nections by means of ground-glass junctions 

The usual lorm of ground-glass junctions are shown in 
Pig 18, they may be of any 
diameter, but the type B is more 
applicable to larger tubes if the 
appaiatus is to hold a vacuum 

The connection consists of a plug ' 'ri) 

and socket carefully ground to ‘T ? T ? ^ ^ U'W 

fit one another In A the tubes 
are of the same diametei In 

B the socket is turned out to || 

form a cup, which can he filled Oj (OID) O) v) 

with mercury or other liquid to 
guaid against leakage, the liquid 

can be removed by means ot a LJ lUl Li 11 

pipette, made like a small wash- A C ^ B d 

bottle, before the tubes are dis- 

connected The type C was employed by Moiley (p 1 lO) to 
connect his density-bulbs to the appaiatus foi filling them The 
[dug was sealed to the bulb, and the small pioject- 
mg tube pi evented any of the lubi leant, which 
was used to make the joint tight, fioni being earned 
down inside the tube It is piactically impossible 
to make a junction between cajiillaiy tubes without 
blowing a small bulb to leceive the point of the 
jilug, as in Fig 1 8, D (! round-glass junctions of 

f the loim shown in Fig 19 are sometimes employed, 
they are, however, somewhat difficult to make 
Imha-oiibhe') imnit, or maiine glue, can be 
used to make \eiy efficient junctions The 
cement should lie heated iii sitit, by a small gas 
jet 

FlexMe junctwits — Tubes of lead oi steel, oi 
long spirally wound glass tubes, may be used as 
tle\ible junctions Fine steel tubes, such as are 
Fio i<) used liy surgical instiument makeis, aie the most 
convenient, and will stand very high pressures 
Connection hetween metal and glast , — The difficulty of joining 
metal to glass lies in the great dilfeience between the thermal 
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expansions ot tlie two substances Metal and glass tubes may be 
connected by means of elastic cement, the metal being fuxnished 
with a socket into which the glass tube fits 

A fusible alloy (Eawson, Soc Cliein Ind , 1890, lal) which 
has the same coefficient ot expansion as glass has been used, l)Ut 
the junctions are not of a veiy satisfactory natuie, and aie only 
gas-tight when covered with a layei of cement The composition 
of the alloy is as follows — 

Bismuth 40 per cent 1 Antimony 10 per cent 

Lead 25 „ | Cadmium 10 „ 

Mercury 15 per cent 


The most satisfactory method of connecting glass and metal 
apparatus is the one first used hy Callendar The metal tube is 

soldered (Fig 20) to a naiiow plati- 




Fig 20 


Fig 21 


nuni tube, winch is in tuin sealed 
to the end of a glass tube (p 298) 
The platinum tube may be solid 
drawn, or may be made from a piece of platinum foil i oiled on 
a wire and soldered along the edge with pure gold 

Kammerhngh Onnes employs a steel cap to connect fine steel 
tubes to the capil- 
lary glass tnhes of 
his high - pressure 
manometer The 
steel tube is soldered 
through the cap, and passes well within the glass tube The joint 
IS made with marine glue, so that the solder is protected from 
the action of mercury which may enter the apparatus (p 168) 
Sfopcocl^s — Modern methods for the manipulation of gases 
usually involve the use of apparatus, of which glass stopcocks 
form an important part 

If a stopcock is properly constructed and lubricated with a 
suitable grease there is no danger of leakage, even when the 
differences of piessure inside and outside the apparatus is con- 
siderable indeed, it should be possible for a piece ot apparatus 
connected with several stopcocks to remain exhausted for w^eeks 
at a time Glass stopcocks cannot, however, be expected to 
resist any considerable internal pressure 

The simple glass stopcock in which the leads consist of 
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two pieces of glass tube of to 4 mm diameter is too well 
known to leqmie description If well made it may be used 
with safety, but it is usually found that m giindmg in the plug 
a ring is foimed at the level of the openings in the bairel, and 
leakage may occur fiom one side to the othei Taps in which 
the leading tubes aie of nairow boie, 1 mm at the most, 
aie moie to be leconimended as less liable to leakage m this 



direction, and aie moie largely used in the construction of gas 
appaiatus 

In 01 del to eliminate dangei fioni leakage lound the ping, 
stopcocks are now made in which the leading tubes entei the 
baiiel at points which aie not e\actl} o;|jposite to one another 
(Fig 22) The plug is, of couise, boKal diagonally to coincide 



with those openings These stopcocks aie to be lecommended 
for accuiate work 

Three-way dopcocl s are of two kinds those m which the three 
leading tubes he in the same plane and at light angles to one 
anothei, and m which the plug is pierced m the foim of a T, 
and those m which the leading tubes he m the plane which 
contains the axis of the barrel, and in which the plug is pieicecl 
by two diagonal holes (Fig 23) 
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Stopcocks ot the hist Lind aie not to he lecoiniueuded, hut 
they possess the advantage that the tluee leading tuhes can he 
placed in. communication at the same time Hie second foiin of 
tap, i\hich ivas first made l)y Giemei ami Fiiediieks, is now in 
geneial use The holes in the plug, which should ho ahoiit 1 5 
^ cm 111 diaiiietei, should he at 

light angles to one aiiothei 

A thud loim of thiee-way 
stopcock is soinetiiiies employed 
{¥ig 24) It IS not, howevei, to 
be recommended 

Fom-ivay stopcoel^ are some- 
times used, and have been found 
to work in a very satisfactoiy 
manner Since, howevci, a two- 
way and a single stopcock can be 
used for the same pin pose, notlniig 
IS to he gained by then use 

Stopcocks of steel oi of plati- 
num have been used in connection 
with glass apparatus The stopcocks are constructed with sockets 
into which the ends of the glass tubes are cemented (p 22) 

It may he noted that the efficiency of a stopcock does not 
iiecessaiily depend upon its size but rather on the shape of the 
plug Long and narrow pings cannot be acciiiately ground to 
fit the bairel, but are liable to fit badly at the ends If the plug 
of a stopcock IS 1 cm long, it should be at least 1 5 cm in 
diametei 

Stopcocks which are only in use for a short time may be 
lubricated with tallow or other grease, but if it is necessary to 
employ them over a considerable period without relubricatiori 
they are liable to become jammed owing to the giease woiking 
out at the ends A veiy efficient lubricant, which does not 
deteriorate on keeping, and which, owing to its viscous natuie, does 
not work out at the ends of the plug, and which possesses the 
additional advantage that it gives off no hydrocarbon vapour, may 
he made in the following mannei 

Two parts of soft rubber clippings, one part of vaseline, and 
one-eighth part of hard paraftin wa\ aie heated together in a basin 
on a sand-bath The mixture is thoroughly stirred till the luhber 
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IS completely dissolved, and then allowed to cool The piodiict 
should be a soft, black, and somewhat sticky substance , it should 
be entirely without odour The lubricant should be kept in a 
closed wide-mouthed bottle 

In lubncatmg a stopcock the plug and b<urel should be 
thoroughly cleaned, and alrttleof the grease nibbed over the plug 
with the finger After the plug has been turned in the ban el 
several times the tajj should appear perfectly transparent and 
free from streaks 

The use of a rubber lubricant is ot couise restricted to 
experiiiients which do ^ ^ 

not involve the use of 
corrosive gases oi liquids 
In the latter case it is 
better to employ meta- 
pliosphoiic acid as a ij” 

lubricant The stopcock 
IS very carefully cleaned, 
and the dry is - 

dipped into pentovidc - — . — 

of phosphoius On e\- 

posuie to air, water is il IL 

absorbed and metaphos- (T 

phone acid is pi educed V.. — 

Since metaphos- 

phone acid is not a very ellicieiit lubricant it is sometimes 
necessary to take additional precautions against leakage by 
protecting the ends of the plug by meicury cups The form of 
tap usually employed is shown in Fig 25 

An ingenious method has been employed by l)i Moiley in 
Older to temporarily close glass vessels without using a stopcock 

The glass tube is drawn out as m Fig 

^5, and a small bulb is blown at the 

side close to the naiiow poition A 
small quantity of fusible metal is placed in tins bulb, and in 
ordei to close the apparatus this is melted by gently warming 
and allowed to flow into the narrow portion of the tube, where 
it solidihes 



CHAPTJEE IV 

GAS-MANIPULATION , COLLECTING AND STORING GASES 

Gas tubes and nieicni}-tionglis — Collecting gases deliveied by the iiKiciuy-]minp — 
The syphon pipette — (rasholdeis and gasometeis — Stoiiiig and ti aiispoi ting 
samples of gas — Collecting gases tiom iiatuial ^^atels, et( — Gases evohed 
duniig chemical leactions 

The metliod of removing a gas from any piece of appaiatus by 
means of the mercuiy-]Dnmp has already been referred to When 
a Topler or Sprengel pump is employed the gas can be collected 
without loss or iisk of contamination in a tube previously filled 
with mercury, and inverted in the trough over the upturned end 
of the capillary delivery tube of the pump (p 9) 

Gas-tifhes and mei ciirydi oxeghs — The tubes which aie used 
loi collecting and storing gases may be of any size, but the 
dimensions are limited by the internal diametei of the 
meicnry-troiighs in use, and by the lengths 
of the syphons on the pieces of apparatus 
into which the gas is to he transfeired, a 
length of 12 ems and diameter of about 
. 2 5 ems , giving a working capacity of 5 0 
cubic centimetres, will be found convenient 
The tubes should be contracted at their 
Fia 27 ends as m the figure, so that they 

can stand in small poicelain crucibles or 
may be closed by the fingei 

In order to economise mercury it is convenient 
to use a trough of the form shown in Fig 28 
The trough should be about 10 cm wide at the top, 
but the lower portion need only be about 7 mm 
wider than the gas-tuhes m use a little extra space is, howevei 
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more convenient These tioughs are somewhat difficult to 
obtain, but they may easily be made by cementing the top of 
a wide-mouthed bottle on to a gas ]ar as in the figuie^ 

The gas-tubes may l)e hlled with meicury so as to leave the 
glass free from air-bubbles in the following niannei A piece of 
glass tube, of about 1 5 mm internal diametei, is bent into a 
syphon of which the shoitei limb, which is somewhat longer than 
the gas-tube, is diawn to a point The short limb of the syphon 
is passed into the tube, which is pressed mouth downwards below 
the suiface of the meicuiy in the trough When all the air has 
escaped from the tube it is allowed to use, and the syphon, which 



is still held below the sin lace of the meicury, is lemoved from 
beneath it 

A gas -tube containing gas 01 meicury may be transfened 
Irom one trough to anotliei by merely closing it with the finger 
(Fig 29), the following method is, however, pieferable A 
porcelain crucible, about 2 cm in diameter, is brought below 
the mouth of the tube which may then be lifted from the trough 
(Fig dO) Samples of gas may be pieseived over mercury m this 
way foi any length of time, the tubes standing in a rack made 
by screwing stiips of biass to a hoaid at the back of a shelf, and 
bending them so that tliey lightly giip the tube 

^ To cut a bottle 01 laige cylindei of glass a pioco of machine cut papei is lust 
wiapped lound the glass, and a (iiculai cut is made with a hie 01 glass knife along 
its edge Two sti ips of wet folded idtoi jjapci aio then passed loiind the cyhndci, one 
on each side of the cut, and a line blowpipe llaine is diiceted on to the glass between 
tliem while the cylindei is slowly lotated A piece of non \mic 5 mm in thickness, 
bent into a semiciicle of the same diameter as the cylindei, li heated and applied to 
the glass will cause it to ciack along the line of a hie inaik The rough edges of 
the glass may subsetpiently bo icmovcd by means of a hie 
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The sij;phon p^.pette (Fig 31) is usually employed foi lemovmg 
the gas from a tube The body of the mstiumcnt may be of any 
size, and may be graduated for the measuiement of volume The 
syphon should be of millimetre boie tube of unifoim diameter. 



The reservoir should be connected with the pipette by means 
of a piece of rubber pressure tube, and the joints should be 
wired The apparatus is usually held in a clamp, and the 

mercury-trough is adjusted to a convenient height on blocks of 
wood 
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The apparatus is first filled with mercury, and the leseivoir 
IS lowered and raised again two or thiee times to get nd of air- 
bubbles The tube containing the 
gas IS then brought ovei the syphon, 
by laising the trough if necessaiy, 
the reservoir is lowered, the tap is 
turned, and the gas is taken into 
the pipette Sufficient mercuiy 
should be drawn ovei with the gas 
to completely fill the capillary tube 
The syphon may also be applied 
to laiger mercury gasholdeis , those 
of the type shown in Fig 32 are 
made to contain about 250 cc 

It IS sometinies convenient to 
deliver gases directly fiom the pump 
into a gasholder, par- 
ticulaily if the quantity 
of gas is laige The 
vessel a, which is con- 
nected with the gas- 
holder 1) by a capillaiy 
tube r, stands 111 a nieicuiy-tiough dnectly ovei the upturned 
end of the dehveiy tube d of the pump the tube c should not, ot 
course, be earned to any gieat vertical height It the leseivou 
attached to the gasholdei is so placed that the mercuiy in it lies 
below tlie level of the meicuiy m the tiough, it will merely be 
necessary to tuin the tap from time to tune in orclci to remove 

the gas fioni a 

ColUcUnrj (/as ovc9 jwtash — It 
IS often convenient to collect a 
gas over potash 01 other liquid 
leagent m order to lemove one 
of its constituents in a single 
opeiation One of the laigei gas- 
holders (Fig 32) may he adapted 
foi tins pm pose by means of the 
aiiangement shown in Fig 33 
The glass fitting led is inserted into the lowei opening a of 
the gasholder through a ruhbei stopper The gas is delivoicd 




Fl(r 32 



Fi( 33 



30 


EXPERIMENTAL STUDY 01 GASES 


CHAP 


through the tube 1) which passes below a layei of meicuiy covei- 
mg the bottom of the gasholder, the potash escapes tlnough ( 

which IS connected with a leseivoir, 
the appaiatiis is siinilai to that 
employed in mtiogen cleteimina- 
tions 

Gasometers aie sometimes em- 
ployed for stoiing gas, but they aie 
somewhat difficult to manipulate 
The form shown in Fig 34 pos- 
sesses the advantage that it does 
not rer^uire much mercury Con- 
centiic rings aie turned in a block 
of hard wood d, and two concentric 
cylinders a and c aie cemented into 
them, the gasholdei h fits closel} 
over the innei cylindei In using 
the instrument the meicury must 
first be drawn up into the stopcock, 
and on account of the buoyanc} 
of the glass, pressure must be 
exerted to expel the gas 

Gasonieteis of a similar foini, 
holding from 20 to 200 litres, 
were employed by Piofessoi llani- 
say and the author in the pre- 
paration of argon on a laige scale The smaller ones were of zinc, 
and the annular space, which contained water, was about 2 cm 
wide, a section of one of them is shown in Fig 72 The piessure 
was adjusted by hanging weights on to the string which was 
attached to the top of the gasometer and passed ovei the pulleys, 
or by placing weights on top of the gasholder The top of the 
gasometer and inside cylmder weie made dome-shaped in oidei to 
allow of the gas bemg completely expelled 

Tubulated bottler of the form shown in Fig 35 may be con- 
veniently used as gasholders As the gas enters through the 
stopcock the water is expelled into a second vessel through a 
rubber tube connected with the opening b 

Storage of samples of gas — For the safekeeping of samples of 
gas it is advisable to seal them up in glass tubes so arranged 
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that the gas can be easily lemoved without loss or contamination 
The tube which is to contain the gas should be diawn out at 
either end as in Fig 30, its capacity should I 
be somewhat gieatei than the volume ot tlic 
gas under noimal tempeiatuie and piessiiie. 
The capillary portion a of the tube shotild 
be about 1 cm in length, the tube sliotilcl 
be slightly contiacted at h and c to hold the* 


Pn 35 Fig 3 b 

lubber tubes which are attached in introducing and withdiawing^ 
the gas The gas may be introduced from a syphon gas-pipetto 
by one of the following methods 

The tube is held in a veitical position in a clamp so that tlie 
uppei end of it lies close to the stopcock on the gasholdei Two 
lubbei tubes die then attached, a long one to the lower end 
leading to a nieicuiy leseivoii, and to the upper end a tube of 
sufficient length to make the connection with the gasholder It 
is advisable to hold a short section of the long rubber tube iir u 
clamp, as the stiain caused by the weight of the ineicuiy in it. 
may break the capillary glass tube to which it is attached 

Meicuiy is then poured into the reservoir till it fills the glassB 
tube and uses into the lubbei tube at the top of it, completcdy 
expelling all the an The lower lubbei tube is then closed l)y 
means of a sciew clamp, and the short rubber tube is &lipp>etl 
over the tube leading to the stopcock on the gasholder, talcing^ 
care that no air is enclosed , the junction is made secuie with wirt‘- 
By opening the stopcock on the gasholder , loosening the screw 
clamp, and lowering the reservoir, the gas is allowed to flow in to 
the glass tube and replace the mercury If the tube is of ilie 
light size when the meicury is at I (Fig Mj) at both ends of 
glass tube, the gas will be at slightly reduced pressure, and tlu* 
capillary portion of the tube can be heated in a blowpipe llanu^ 
and sealed off with safety 

Instead of filling the tube with meiciny it may be attached 
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by one end to tlie gasholder, and by the other to the pump 
The air is leinoved by exhaustion, the tube is sealed troin the 
pump, and the gas is mtioduced in the maniiei already 
described 

The gas may be either expelled fioiii the tube by means of 
mercury, or drawn off through the pump , the second method is 
the more convenient A piece of rubber tube is slipped ovei 
the end of the glass tube (Fig 36), which has been pieviously 
scratched with a file, and seemed by means of a turn of wire , 
the other end is attached to the pump After the air has been 
removed fiom the leading tubes the point of the glass tube 
which IS inside the lubber tube is bioken, and the contents of 
the tube are pumped off and collected If the end of the glass 
tube nearly fills the rubber tube, so as to render the exhaustion 
slow, the tube may be compressed by means of a screw clamp, 
so as to make it somewhat oval in section 

The only difficulty involved in expelling the gas fioni the 
storage-tube with mercury lies in attaching the tube connecting 
it with the reservoii and gasholder, which are previously filled 
with mercury, without introducing air The opeiations aie 
practically the same as those involved in filling the tube by the 
method first desciibed 

Storage-tubes with glass taps at either end may be used for 
conveying samples of gas fiom one place to aiiothei for analysis 

The taps should be well 
ground and lubricated, and of 
capillaiy boie 

Gases from nahual wciteis 
and min&ial s^q mgs — Loid 
Eayleigh has described an ap- 
paratus by means of which it 
is possible to obtain the gas 
from a large quantity of water 
“The boiler A was constructed 
from an oil-caii, and was heated 
by an oidinary ring Bunsen 
huiner Foi the supply and 
removal of water two co-a\ial 
tubes of thin brass, more than 
in length, were applied on the regeneiative principle 
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The outgoing water flowed in the inner tube, BC, continued from 
C to D by prolongation of composition tubing The inflow watei 
was delivered into a glass tube at E, passed through the brass 
connecting tube EG into the nanow annubai space between the 
two principal tubes, GH The neck of the can was fitted with 
a rubber cork and delivery tube, L, by means of which the gases 
were collected over watei 111 the ordinary way ’ {Ph%l Tians, 
1895, 226) 

In actual working it is necessar} to keep the water boiling 
very steadily, by carefully piotecting the burner fiom diaughts 
The temperature of the water in the basin m which the gas is 
collected should also be kept down to about 70° by means of a 
coil of composition tube through which cold watei is circulated 

The delivery tube may be connected diiectly with a gasholder 
(Eig 35) thiough a stopcock A condenser about 40 cm long, with 
an inner tube of nairow boie, is interposed in order to condense 
the steam The gas is carried along the tube between the pellets 
of water which are formed 

Lord Eayleigh examined the gases from a laige numbei of 
natuial watei s, and the method has also been employed by 
Iiamsay and Travers {Fiot Fioy Soc, 189 7, 60, 442) 

Foi the quantitative estimation of the gases dissohed in watei 
the watei must be mtioduced into a vessel picviously exhausted, 
and in communication with a pump, and boiled A convenient 
appaiatus foi the puipose has been desciibed by Tiiimann {Chem 
Soc J, 1894, 96) 

Tlie flask is connected by means of a lubbei stoppei with a 
bulb, which selves as a condenser The stem of the bulb passes 
down to the bottom of the flask, and a hole is made 111 it for the 
passage of the steam The neck of the bulb is sealed to tvo 
tubes, one leading to a giaduated funnel, the other thiough a 
stopcock to the pump A img of composition tube pieiced with 
holes suiiounds the tube above the bulb, it is connected with 
the water supply, and selves to niamtain a cuiient of water ovei 
the suiface of the bulb The watei luns into a catch -watei 
below the bulb, and is conducted away A similar appaiatus is 
desciibed on p 112 

In many cases gases aie given ofl with the water 111 mineial 
springs In some cases the gases consist chiefly of caiboii dioxide, 
in others, paiticulaily when sulphides arepiesent, of nitiogen, often 

I) 
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containing ratliei inoie argon than is pieseiit in atmospheric 
nitrogen, and sometimes helium 

The gas may be often diiectly collected by inveiting a bottle 
filled Y'lth water overman oidinary funnel immeised in the spimg 
the bubbles of gas rise into the funnel, and so into the bottle The 
bottle IS subsequently stoppered below the suiface of the liquid, 
and the neck is aftei wards seemed with sealing- Ya\ To remote 

the gas the bottle is immersed in a trough of water, and the gas 
IS drawn out by means of a glass syphon into a suitalde gas- 
holder 


Very often, on account of the temperatuie ot the water, or 
for othei leasons, it is quite impossible to collect the gas in this 



manner Tor the examination ol 
the gases fiom the spiings ol 
Cauterets (Pj'ienees) the lollowing 
method was emplo} cd {F) ot Jloy 
Soc 60 , 442) Vessels made of 
stout sheet-tin A, with taps at cithei 
end, were used to collect the gas A 
piece of lubher tube B was attached 
to one oi the taps, and the tin was 
filled with w^atei lioin the spring 
A tin fuDiiel D at the end ol a long 
piece ol lubber tube U was then 
lowered into the spring, and water 
was diawn up into the tube which 
was attached to the second tap 
The till was then fixed in a veitical 


33 position, and when the funnel was 

brought over points lioin which 
the gas was issuing the gas rose through the tube into the tin, 
replacing the water, which flowed back into the well (Fig 38) 
Gases evolved diiivncj scaled-Uibe reactions — In studying the 
gaseous constituents of mineral substances it was found necessary 
to beat the finely powdered mmeials in sealed tubes with sulpluuic 
acid to a high temperatuie in order to completely decompose them 
iFroe Roij Soc 64 , 132) The acid wxis poured into the bottom ol 
a thick-walled tube, and the mineial was weighed out into a tube 
with a rod sealed to the bottom of it so as to keep it above 
the suiface of the acid The tube was then drawn out as in 
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Fig 39, A, connected with the pump by means of a lubber 


tube, exhausted, and sealed at the capillaiy 
portion 

After heating loi a tune sufficient foi the 
complete decomposition of the iniiieial, the tube 
was again attached to the pump, as m Fig 39, B 
After removing the air from the connecting tube 
the point of the tube, previously inaiked with a 
file, was bioken inside the lubbei tube, and the 
gas was pumped out and analysed 

Sampling gases pom 'tooms, etc — The samples 
of gas may be taken in tubes of the form desciibed 
on p 31 A good curient of the gas may be 
drawn through the tube by means of an aspiiatoi , 
Henipel suggests using a small rubber hand-pump 
A numbei of samples may be taken in gas tubes in 
the following manner A cm rent of gas is made 
to pass along a tube by means of an aspnatoi 01 
watei-piunp A syphon pipette with a two-way 
stopcock IS connected with the tube so that fiom 
time to time samples may be diawn off and tians- 
feired to tubes The tubes may be placed on one 
side in ciucibles, and the samples subsc(piently 
analysed 

Sampling o/J 119 nace gas(s — This (piestion has 
been so fully dealt with in several woiks on 
technical gas analysis that it will only l)e neces- 
saiy to touch lightly upon it hexe The use of 
unprotected tubes of eithei non, poicelain, or 
platinum is open to objections, ioi, in the hist 
case, the chemical composition of the gases may 
be affected, and it is known that both poicelain 
and platinum, when hot, readily admit of the 
passage of hydrogen WinckleFs idan of intio- 
ducing a double-walled tube of the tiiyc'ic foim, 
thiough which a cm rent of watei circulates, is 
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THE PREPAUATION OF PUKE GASES 


Apparatus employed in. the pioduction of gases — Gases evolved duimg scaled tube 
reactions — Apparatus emxiloyed in the xuiiihcation of gases — Reagents, x>ent 
oxide of phosxilioius, etc — Hydiogen — Oxygen-— Elcctioly&is — Cliloiine— 
riuoiine — Nitiogeii — Caihon dioxide — Caiboii monoxide — Nitious oxide— 
Ritiic oxide — Ammonia — Pliosx)hoietted hydi ogen — The halogen at ids — 
Sulphui dioxide — Sulxdimetted hydiogen — Ethane — Methane — Acetylene- 
Ethylene 

In selecting a method for the production of a gas it is iiecessaiy 
to tahe into consideration the iollowing points — 

1 It must be possible to completely remove all air fiom the 
apparatus either by exhaustion or by means of a cuireiit of the gas 

2 The gas, when first geneiated, should he so puie as to 
need little purification If this is impossible, a method should 
be selected with regard rather to ease with which the impuiities 
can he removed, than to the quantity m which they are generated , 
it would be easier to remove a large quantity of carbon dioxide 
than a trace of hydrogen from most gases 

Chemical substances, whether elementary or compound, may be 
obtained by processes which fall under one of tliiee headings — 

(1) Electrolysis 

(2) The action of heat on another substance 

(3) The interaction of two oi more substances 

(1) Elect! oly tic methods are only applicable to the prepaiation 
of a few gases, such as oxygen, hydrogen, and ethane Tlie 
method is rarely used 

(1) By the action of heat ujyoii solid sicbstances — The sub- 
stance may be heated m a hard glass tube connected either 
directly to the pump, oi thiough tubes containing chemical le- 
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agents The connection may be made by means of a piece of 
rubber tube oi by means of a giound-glass junction 

If the quantity of gas is not large it may be 
pumped off as generated (see p 9), and delivered 
into a collecting tube , but if a large quantity of 
gas IS given off, the following method will be 
found more convenient A syphon tube of small 
internal diameter is connected at light angles with 
the tube connecting the apparatus in which the ^ 

gas is generated with the pump (Fig 40) The 
long limb a is bent upward at its lowei end, and 
dips into a basin of meicuiy When the apparatus 
IS exhausted the mercuiy rises to h, but when, 
aftei closing the stopcock, the substance in c is 
heated, and the piessuie in the 
appaiatus rises, the gas escapes 
thiough the meicuiy in the 
basin, and may be collected in 
tubes The residual gas may 
be lemoved by means of the 
pump I shall lefei to tins 
piece of appaiatus as the sy^jliou 
deli\eiy tube 

(3) £y tlir aduni of a lujini! 
on a sohd siih^taim — The solid / / 

IS intioduced into a Hask (Fig 

41), wliicli has a tap funnel Ph} H) 

sealed to the side of it, and 

which may eithei be hermetically sealed or closed 
with a iul)bei oi glass stoppei , it is connected 
with the syphon delivciy tube and to the pump 

AVheii exhaustion is neaily complete a little of 
the iKpud IS allowed to pass the stopcock in order to make sure 
that no an is piesent in the boie Aftei complete exhaustion 
the liquid is admitted e.iiefully so as to avoid frothing, heat 
being applied if necess<ii\ 

Bi/ the inte) (((tion of (too hiqtnds o) oj tiro suldances hohit%o% 
— The liquids aie admitted eilhei sepaiately oi togetbei through 
the tap funnel j no paiticuhii pi ecautioiis beyond those already 
mentioned need l)e obseixed 
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Tube fmnace — For heating long glass tubes the oidinary 
■ — form of combustion furnace is conveniently 

employed These furnaces are, liowevei, too 
S r /\ IS'i'ge for most of the opeiations with which 

f I we aie concerned, and to meet the requiie- 

p- J ments of the woilc, Piolessoi Eamsay has 

designed an attachment to the Bunsen buinei 
^\J for heating glass tubes up to 8 inches in 

^ length (Fig 42) 

The attachment fits on to the top of a 
/ \ "b burnei, so that it can easily be re- 

f moved The gas issues from a slit along 

\ J the top of the hoiizontal poition, and the slit 

t>e closed by means of foui s]jht tubes 
4 ;j^ The two end pieces d, support a 

brass trough in which the tube lies , the 
trough may be lined with asbestos, but this is usually unnecessary 



Fig 42 


If It IS necessary to heat the tube to ledness. an asbestos 
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hood / IS supi)oited abo\e il by nieauB ut a piece of fii e-clay 
tile 6 placed at eacli end The hood is made of a siiip of 
asbestos caidboaid 8 inches long by /> 
inches wide pieiced down the middle 
line ])j a niiuibei of holes , the holes 
may be cut with a coik-boiei 

The ocmovaJ of %m2nii iltcs f/om a gas 
in the coiiise of piepaiation is usually 
accomplished by bunging it into intimate 
contact with one 01 moie substances 
which absoib tlie impiuity without at 
the same time giving oh any gas 01 
lapoui which cannot be easily lemoved 
The apparatus should be so aiianged 
that the leagent ])iesents a consideiable 
suiface to the gas, which should not pass 
ovei it at cl high velocity 01 at leduced 
piessuie If a gas is passed diiectly fiom the geneiating vessel 
thiough tlie piniijing tubes to the pump, it will not be as ])ure 
as il it had been allowed to escape at full piessuie Helium 
geneiated 1 )) heating cliwite 111 a tube, and passed 
diiectly ovei led-hot cojipcu oxide to the pump, will 
still contain h^diogen, cmui il tlu^ tube containing the 
cop])er oxide is ol a ( oiisideialde length In oidci to 
oliviate this dilticult) the sjphon dehveiy tube (p ») 7 ) 
may be employed 

U- tubes may be coiivemently employed to hold 
solid leageiits 01 licpud loageiits in contact with puiuice 
01 some othei absoiheiit If the appaiatus is to he 
exhaiistc^d, the tubes should l>e made without stojipcis, 
and should he sealed aftei they are filled with the 
leagent A U-tulie with one hml) sealed is shown 
111 Tii> b) 

Tubes ol the t}])e shown 111 Fig 44 may be used 
to contain leagents m tlie same way 

Foui common Ibims of tubes to coiitaiu piiiifying 
reagents aie shown m Fig 47 ) Tlie types c, c, and d may be 
used foi liquid leagents, ami aie paiticulaily useful 111 cases wheie, 
duimg a chemical reaction, a rpiautity ol watei vapour is given 
off and must be absoilied The tubes c and d may also be used 
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the tube, after beino 


tor solid reagents, such as phosphoius pentovide, which can be 
intioduced through the stoppeied openings The tube I is the 

simplest and most convenient foini 
that can be einploj'Cd with solid 
reagents A piece of glass tube 2 5 
cm 111 diameter is sealed at one 
end to a piece of quill tube, leaving 
the other end open A plug of glass 
wool is placed in the bottom of the 
tube, which is then filled with the 
reagent to within 4 cm of the top 
A second plug of glass wool is piessed 
down on top of the reagent, and 
_ carefully cleaned with a wet and a dry 
cloth, IS drawn out in the blowpipe flame, and sealed to a second 
piece of quill tube When phosphorus pentoxide is employed 
the tube when in use must he in a hoiizontal position, oi it will 
become partially or completely clogged by the semi-fluid meta- 
phosphonc acid 

Wash-lottles are rarely employed in cases wheie it is necessary 
to exhaust the apparatus A wash -bottle with a 
bye-pass (JFig 46) is, however, sometimes convenient 
In ce^tmn cases it is impossible to exhaust the 
apjjmatus m which the gas is geneiated — Special 
precaution must then be taken to secure the 
complete removal of the air fiom the 
apparatus by the escaping gas, and in 
constructing the apparatus care must be 
taken to keep the internal volume small 
without reducing the surface of the puiifymg agents 
exposed to the gas Dead ends and blind channels 
must he avoided or made as short as possible If 
the gas IS generated by heating a substance, heat 
must fiist be applied to the extiemity of the tube 
containing it 

Ihe^ £ichaidsmi wash-lottle —In this apparatus 
(big 4/) the gas is introduced at the bottom of the 

iises m bubbles through the tube « cariy- 
mg liquid i.th It, the bqiiid returns to th! bnlb Zoirthe 
tube I Theie is very little fiee space above the surface of 
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the liquid, and the gas is thoioughly exposed to the action ot the 
reagent 

The Pettenlofu abso'iptwn tube (Yig 48) — The gas is intio- 
cluced through a jet at the bottom ot a long inclined tube, which 
IS nearly hlled with 
the leagent It 
passes in bubbles 
along the upper sui- 
face, and escapes at 
the open end In a 
more compact foim 
of the appaiatus the inclined tube is wound into a spiial, which 
may be of consideiable length 

I^either of these pieces of appaiatus should be used if theie is 
any dangei of liquid being sucked back into the geneiating vessel 
In this case the reagents should be contained in U -tubes 

The gas should be allowed to escape lieely fioni the appaiatus 
befoie any of it is collected The tube fioin which the gas e&ca])es 
should pass beneath the siiiface of meicui} 

The method of piiuiijuKj hy lujHifadioii and fi ad toiud 

distdlation is dealt with in (Iiaptci \VI 

Pho^plio) 2 )cntond( — This leagent is almost nniveisallj 
used as a dehydrating reagent in w 01 king with gases, l)ut it is 
somewhat difficult to obtain })uie The oxide should be peifectly 
white ami quite free from discolouied nodules and sticky masses 
of metaphosphoiic acid When exposed to the an it should 
delKpiesce without turning led 01 giving oh any odoui The 
pimcipal impuiities consist of the lowei oxides of phosphoius, 
some of which aie in themselves volatile and leact with gases, 
such as ehloiine and ozone, and with w<itiu vapom to yield phos- 
phoietted hydiogen 

In oidei to oxidise the lowei oxuIckS Thielfall {Pint i/c//, 
flanuaiy lSf)3) volatilised the ciude pentoxide ovei platinised 
asbestos in a cuiieiit of o\}gen Shenstone and heck {Glmn 
Poc Jow! , 18h >, 63 , 475) found that the platinum cpuckly 
1)ccamc co\eied wnth <1 layei of phosphide and so lendeicd useless , 
they lecommend the use of platinum sponge The 2 )eutoxide can 
he obtained almost entnely fiee from the lowei oxides by thiowing 
it into a led-hot poicelaiii hasm, and stniing it in a cuiient of 
oxygen 
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Hych ogm, — {a) Moderately pure liydiogen may be obtained 
by the action of dilute sulphuric acid upon zinc which has previ- 
ously been platinised The ordinary Kipp’s appaiatiis may be 
conveniently used, and to guard against absorption of an by the 
acid the open bulb may be connected with a leseivoir containing 
liydiogen confined over water 

Hydrogen should not be passed through a solution of potassium 
permanganate, for although this reagent coinpletcdy leinoves 
arseniiretted hydrogen, it gives use to traces of oxygen in the gas 
(5) Very puie hydrogen may be obtained by the <iction of 
caustic potash upon aluminium The metal should, however, be 
fiee from carbon, which may be piesent to a ceitam extent in 
the metal, and give rise to the formation of hydrocaibons 

(c) Metallic sodium has the propeity of absoibing liydiogen 
at a temperatuie a little above its melting point, and giving it up 
again at a highei tempeiature It the metal is fiee fioin hydio- 
carbons the gas obtained m this mannei ]s peifectly puie and fiee 
from moisture 

Troost and Hautefuille {C 9 78 , 809) have detei mined the 
dissociation pi essuies of sodium hydride at diffeient tempeiatuies 


Ptfinperature 

Piessure 

Temperature 

X^iessurc 

330" 

28 mni 

390" 

284 mill 

340" 

40 „ 

400" 

447 „ 

350" 

57 „ 

410" 

598 , 

360" 

75 , 

420" 

752 , 

370" 

100 „ 

430" 

910 „ 

380" 

150 „ 




Themetdl begins to absorb hydrogen at about 100°, and when 

saturated it appears that the product corresponds to the formula 

Na,H 

The metal, which has been carefully freed from impurity, is 
placed m the uppei part A of the apparatus shown in Fig 49 The 
tube c is cmmected through a stopcock and a phosphorus pento^ide 
tube to a Kipp’s appaiatus generating hydiogen, and the tube I 
mercuij pump and to the apparatus which is to leceive the 
gas After exhausting the appaiatus. both A and B are warmed 
and gently tapped till the sodium flows down into the lower tube 
The gas IS now admitted, and absorption is allowed to proceed, 
the temperatuie of the lower vessel being maintained at about 
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150° When the metal is satmated the stopcock on a ls closed, 
and the tempeiatuie is laised The gas may now be collected 
aftei allowing the fiist poition to escape 

The sodium may be again satmated with 
hydrogen, and a second quantity of the pine 
gas so obtained 

Small quantities of pine hydiogen may 
most conveniently be obtained by means of 
metallic palladium, the metal is, liowevei, 
very expensive The quantity of hydiogen 
which 1 gram of palladium will absoib vanes 
considerably with the state oi the metal , 
using palladium sheet, Moiley found it to be 
0 0063 giams of hydrogen foi e\eiy giam of 
the metal Piactically the whole of the 
hydrogen is evolved %n lacuo at the ordinal y 
temperatuie 

The metal, either in strips oi in the 
spongy condition (the pieces of sponge should 
be well harnmeied on an anvil to lendei 
them compact), is stiongly heated iii <i blow- 
pipe flame oi m a muflle-fiirnace While still liot the metal is 
placed inside a tube fitted with a stopcock, whicli is then scaled 
at the other end, <itlaehed to a piini]), and (exhausted ddie 
palladmni is then chaiged witli hydiogen by <ittachnig the tube 
to a Kipp’s appaxatus, and allowing the alisoiption to proceed 
for about an horn , a considerable amount of heat is geueiaied 
during this piocess , 

In ordei to obtain the i)uie hydrogen the jialladium tube is 
attached to a pump, syphon-deliveiy tube, or <ippaiatus into which 
the gas IS to he mtioduccd The tube is tlicu gently wanned, 
and after allowing the hist poition to escape, suflicient gas is 
collected, and the metal is allowed to cool 

Onjfgen, 0,, may he conveiiieiitly prepared by heating pure 
potassium permanganate Since the gas is evolved at a very low 
temperatuie, the tube in which the pcimanganato is contained 
may he of soft glass, and m<iy be scaled directly to the tube 
containing the purifying reagents Traces of carbon dioxide 
may be present jnoduced by the o-\idation ol dust, etc, in the 
permanganate, the gas may be purified by passage ovei solid 
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potash, and pentoxide of phosphorus The one objection to this 
method is the difficulty of getting rid of the oxide of manganese 
which IS cained, either in suspension oi in the state of vapoiu, 
for a considerable distance through the tubes 

Potassium chlorate should not be employed for the pieiiaia- 
tion of pure oxygen unless special precautions are taken to purify 
the gas from traces of chlorine, hydrochloric acid, and ozone, 
which are invariably found in it Morley (Smiths on laii Institu- 
tion) passed the gas from potassium chlorate through a led-hot 
tube containing finely divided sihei, and subsequently ovei a 
strong solution of caustic potash, over strong sulphuiic acid, and 
through pentoxide of phosphorus (p 131) 

Shenstone suggests the use of a mixture of equal weights of 
sodium and potassium chlorates, which has a much lower melting- 
point than either of these compounds by itself 

Oxygen may become ozonised by passage thiough a Spiengcl 
pump , the quantity of gas which is converted into the active 



Fig '0 


vaiiety is, however, veiy small 

Electi olys'is of dilute svlpliuiic ami — 
This method may be corn eniently employed 
if a constant curient of either of the gases 
is required for a considerable peiiod , it 
does not, however, conveniently seive foi 
the preparation of small quantities of the 
gases in a state of purity 

A form of appaiatiis which may be con- 
veniently employed is shown in Pig 5 0 
The two vertical tubes A and 13, which 
contain the electiodes, aie connected by 
the horizontal tube C The tube C is 
divided by a disc of porous material, cut 
from a battery cell and cemented m posi- 
tion, in order to check the diffusion of 
liquid from A into B, and consequent con- 
tamination of the hydrogen by dissolved 
oxygen and vice veisa The electrodes are 
of sheet platinum rolled into a spiial and 
attached to stout copper leads which do not 


, , contact with the liquid The 

leads are cemented through the upper ends of the vertical tubes. 
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which are made nariow foi the purpose, the gases escape by the 
side-tubes a and h The strength ot the acid should be about 
1 m 6, the cuirent should not exceed 0 1 anipeie per sq cm of 
surface The lower pait of the apparatus should stand in a 
vessel through which cold water is cuculated 

In order to obtain a steady current of either of the gases the 
tube a IS connected to a vertical tube passing to such a depth 
below the surface of the watei in a \essel, that the piessuie iii A 
is equal to the pressure in B, and there is no flow of liquid across 
the diaphragm Tiie side-tube h is connected to a hard glass 
tube containing copper oxide to remove traces of hydrogen if 
being collected, or metallic copper in the case of 
hydrogen The gas has then only to be passed through drying 
leagents The quantity of oxygen or hydrogen can easily be 
calculated, since it is known that 1 ampire produces 0 372 gaim 
of hydrogen in one lioui 

MccUolytic goh can be pioduced by means of an appaiatiis 
containing two electiodes in the same glass tube 

Fliimme, was obtained in 1880 by M Moissaii liy the 
electrolysis of the compound HFKF dissolved in piiie hydiolluoiic 
acid 111 a platinum appaiatus^ Hydiofluonc .icid, K„F.„ as it 
should be wiitten, is itself practically non-conducting, and even in 
aqueous solution is slightly dissociated , eh'ctiolysis of solutions of 
its salts results in the formation of hydiogeii, oxygen, <uid o/oiie 
On account of its chemical activity, all evpcinmmts on lluoime 
must be earned out in appaiatus of platinum, of })latinuni-iiidiuin, 
ot fliioi-spar, 01 ot some substance which is at first attacked 
with formation of an insoluble layer of a fluoride Ilccently M 
Moissan has employed co])per vessels in the pieparation of 
fluorine, the platinum -indium electrodes cannot, however, be 
dispensed with It is particularly inipoitant, when working 
with copper vessels, that the liydroHuoiic acid should be perfectly 
anhydioiis 

The latest foini ot M Moissaii’s apparatus is shown in 
Fig 51 The U -tube A which coiitains the hydiofluonc acid 
and potassium hydrogen fluoride is of copper or platiniirii, and 
has a capacity ot about 40 cu cm The electiodes B, B' are 
rods of platinum-iiidium attached at then lowei ends to plates of 

' A full account of liw woik on the subject Ims leocutly lionn imblisboil by him 

luulei the title Ll Jfuor ct se? tomjposi^ 
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the metal bent into cylindrical form The rods tlnongh 
holes m cylinders of fluoi-spar which exactly fit the top of the 
tube, gas-tight jimctions being secured by waslieis of lead which 
are compressed between the sciews at the top of the tube and 
brass caps winch lit over them The gases, hydiogeii and 
fluoiine, piodiiced by the electiolysis escape at the tubes 0, C,^ 
which can be connected by means of platinum sciew-unions with 
any other piece of appaiatus The U-tube is placed in a bath of 
methyl chloiide (p 247), supplied from the cylindei 1 ), and boiling 



Fig 51 


under reduced piessuie at about - 50“ C , a large vacuum-vessel 
(p 20 0 would serve convenieiitlj to bold this liquid 

To prepare fluorine, about 200 gis of anhydrous bydro- 
uonc acid, and 50 grs of acid potassium fluoride are placed in 
the apparatus, one ot the fluor-spar plugs being removed for the 
pu^ose For the electrolysis a current of 15 aniphtes at 50 
^Its IS emplojed, and about five litres of fluorine is liberated 

^neratpfl’p currents it is found that the beat 

generated cannot be removed with sufficient rapidity 

™ u l!rir,r“r •““l ae nmime the 

ps u, led Ihiough a ood ,„to a platmam veasel E, which .a 

““ ^ subaecaently 

“"“"““S f'"* O' fooed Idtai 
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The hydrogen is led away to a distance through tubes which 
terminate in an apparatus failed with calcium chloride 

Preparation of pime Jiychofluoiic acid, and acid j^otahsum 
Pure conimeicial hydrofluoric acid is taken and partially 
neutralised (about one-quartei) with potassium caiboiiate The. 
product when distilled m a platinum letoit, heated to 120° C in 
an oil-bath, yields an acid free from fliiosilieic acid, which is 
usually piesent in considerable quantity m the commeicial acid 
The distillate is divided into two portions, and after neutralising 
one poition with potassium carbonate, the two are mixed, and the 
solution of acid potassium fluoride so obtained is evaporated to 
dryness on a water-bath To remove the last traces of moisture 
the platinum basin containing the salt is allowed to lemam for a 
foitmght in a vacuum-desiccator containing sulphuiic acid and 
some sticks of caustic potash, both the acid and potash aie 

changed daily, and the salt is from time to time crushed in an 
iron mortal 

The dry salt when heated in a platinum retort decomposes; 
yielding the anhydrous acid (which boils at 1 9 5°, and must be 
condensed in a lieezmg mixture) and potassium fluoiide The 
fiist poition of the distillate, which contains tiaces ot water, may 
be rejected ’ ^ 

Chloiine, Cl^ Large quantities of chloiiiie aie most con- 
veniently prepared by treating manganese dioxide with pure 
hydrochloiic acid The manganese dioxide should have been 
powdered, boiled with strong nitric acid to eliminate carbonates, 
and thoroughly washed and dried The gas may be purified by 
passage through anhydrous copper sulphate and pentoxide of 
phosphorus, which must be quite free from lower oxides (see 
p 41) All the connections throughout the apparatus should be 
of glass , no rubber or cork stoppers shauld be used If the gas 
is to be stored, strong sulphuric acid may be used m the gas- 
holder 

Pure chlorine may be obtained by fractional distillation of 
the impure gas Liquid chlorine, which is sold in cylinders, 
contains little impurity A small quantity of chlorme can be 
introduced into a vacuum-tube or other piece of apparatus in the 
following manner A bulb containing pure gold chloride, AuCl^, 

IS attached to the apparatus in such a manner that it can be 
sealed off with a blowpipe flame when the apparatus is exhausted 
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After exhaustion the apparatus is shut off from the puinj) and 
the bulb IS warmed Pure chlorine enters the apparatus, but on 
standing it is very slowly reabsorbed by the gold 

This method may be employed in order to obtain a definite 
quantity of chlorine 

N%t')ogcn, is peihaps in actual practice one of the most 
difficult gases to prepare in a high state of puiity The 
researches ot Lord Eayleigli on the density of that gas, and the 
subsequent investigation carried out m conjunction with l^rofessor 
Piamsay, have proved that atmospheric an contains an element, 
aigon, of density approaching 20 

The chief difficulty in connection with the preparation of 
pure mtiogen lies in the lenioval of the nitric oxide which is 
produced in small quantity by most of the reactions in which 
nitrogen is the chief product Nitiic oxide is an extiemely 
stable compound, and can only be eliminated by passing the gas 
through a tube containing metallic non or copper, heated to 
a redness The use of non is to be avoided, since a trace of 
moisture entering the tube gives rise to the production of 
hydrogen 

Lord Payleighs results show that nitiogen, practically 
free from nitric oxide, can be prepared by heating a solution 
of ammonium chloride and potassium nitrite on a watei-bath, 
passing the gas through a tube containing led-hot copper, and 
subsequently through caustic potash, sulphuric acid, and pentoxide 
of phosphorus 

If the presence ot argon does not materially affect the result, 
and It is merely lequned to prepare a quantity of nitrogen ni 
Older to carry out some process which it is necessary to conduct m 
an atmosphere of ineit gas, the following method may be applied 
Atmospheric air is drawn slowly through a solution of strong 
ammonia, contained in a wash-bottle, through a tube containing 
metallic copper heated to a led heat, and finally through a vessel 
containing strong sulphuric acid to remove moisture and excess of 
ammonia The volume of the nitrogen obtained by this process 
is nearly equivalent to the quantity of an used 

It may be as well to state here, by way of warning, that 
metals generally are not nearly so inactive with regard to 
nitrogen as they were formerly supposed to be Most metals 
appear to combine slowly with nitrogen, forming nitrides 
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Atmo<^ 2 ^Jienc niho(jen foi use iii pieasiiie gauges, etc (])p 
164, 230) may be obtained b} passing an through a tube 
containing coppei, and subse(|uently tluough caustic potash, etc 
Gallon dioxule, CO^ — {a) The licpud which is sold m steel 
cylinders usually contains as an impurity ouly dissolved an, 
winch escapes with the hist poitioiis of the gas, and watei 

(b) The gas may be obtained pine by heating pine di) sodium 
bicaibonate in a hoiizontal tube If the tube is not previously 
exhausted the heating should be commenced at the cctfcnio end, 
otheiwise the an in the tube will not be swept out by the cuiient 
of gas, but will only escape slowly by diffusion 

(c) A steady current of caibon dioxide may be obtained by 
Iieatmg a mixtuie of one part of sodium carbonate with three 
parts of potassium bichiomate in a wide haid glass tube The 
tube should be only paitially hlled with the mixtuie, and should 
be so inclined that the fused mass does not lun downi into the 
open end of the tube This method has the ad\antage that no 
watci is pioduced duiing the leactioii, as in the last case 

{(1) Caibon dioxide may be obtained by heating caibonate of 
magnesium, but in no case should cailioiiate of nianganese be 
employed At the tempeiatuic at which the decomposition takes 
place the manganous oxide is capable of i educing the caibon 
dioxide and water vapoin, and pioducing c<iibon monoxide and 
hydiogen Modeiately ])uie caibon dioxide may be obtamed by 
the action of hydiochloiic acid upon maiblc Both the acid 
and the maible may, howevei, constitute souices of impurity 
Gallon onononde, CO — (a) Concentrated sulphiuic acid is 
heated in a small flask, and small (j[nantities of foiimc acid, 
pieviously hoiled to exjiel an, are inn iii through a tap funnel 
{1) The gas may also he obtamed by heating a mixture con- 
taining 50 grains of sodium foinuite, 300 giams of sulphuric 
acid, and 150 giams of watei 

(c) By heating a mixture of 100 grams of crystallised oxalic 
acid with 500 giams of concentrated sulphuiic acid, carbon mon- 
oxide is produced, together with an equal volume of carbon dioxide 
The carbon dioxide can easily be removed by passing the gas 
through a strong solution of caustic potash 

{d) By heating a mixture of 80 giams of pure reciystallised 
potassium feiiocyanide with 360 grams of concentrated sulphuric 
acid, a steady stream of caibon monoxide is produced The 

E 
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reaction may be stopped by cooling the flask, and started again 
by the application of heat 

(e) Pure potassium cyanide may be used instead <il tlie 
ferroeyanide 

The gas should in each case be purified by passage ( »'v or &( ilid 
caustic potash, strong sulphuric acid, and pentovide of iihosphoriis 
Dixon states that it is extremely difficult to remove the last traces 
of moisture from the gas Lord Eayleigh determined the donsities 
of samples of gas ohtamed by methods b, c, and d, and obt.iined 
very concordant results (Pi oc £oy Eoc, December 9, 1897) 
Iiitjcms oxide, NjO — By heating ammonium nitrate to a 
temperature not above 258° The salt begins to decompose at 
about l70° into water and nitrous oxide At high teinjieiatuies 
nitric oxide is produced The gas must be passed over potash, <iiul 
subsequently over sulphuric acid and pentoxide of phosphorus 
Lord Rayleigh obtained pure mtious oxide foi the determina- 
tion of its density in the followmg mannei An iron botth* eon- 
taming liquid nitrous oxide was placed in a fieezing mixture, and 
half the liquid was allowed to evaporate The remaining intious 
oxide was considered to be free from dissolved nitrogen 

Nitnc oxide, NO — Dilute nitric acid {sg 1 1*), which has 
previously been boiled, is lun into a flask (Pig 41) which is con- 
nected with tubes containing strong potash solution, solid pot.ish, 
strong sulphuric acid, and pentoxide of phosphorus The whole 
apparatus must be thoroughly exhausted before the introdiKtion 
of the acid A strong solution of sulphur dioxide, obtained by 
passing the gas from a syphon into boiled watei, is run into the 
flask m small quantities, and the mixture is warmed if necossaty 
It is somewhat difficult to separate traces of the higher oxides, 
even by fractional distillation 

Ammonia — ammonia may be obtained by heating a 
^tme of pure ammonium chloride and lime The gas may be 

teiurnSr® ^ containing freshly prepared 

The ammonium chloride should not be obtained fioiu any 

tracro/hvdroehl i* invariably contains 

treed The so-called volcanic ammonia, when genuine is nure 
ammomum cblonde cn also to obtaned free fL 1—57“; 

pMsiag “>• “““w, produced by ae action of water on mimosium 
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nitiide, mto dilute hydrochloric acid The latter method does not, 
howevGi, serve foi the piepaiation of the pure gas, as some of the 
ammonia is invariably decomposed by the local heating of the 
mtiide in contact with water, and the gas is found to contain 
both free nitrogen and hydrogen It can, howevei, be easily 
sepal ated from these gases by fractional distillation 

Pliosplioj otted hydiogen, — The gas cannot be obtained 

pure l)y the action of alkali on phosphorus, since traces of 
lijdiogen aie pioduced by the decomposition of the hypophosphite 
winch IS cl product of the leaction Hydrogen is also produced 
by the interaction of phosphides with water 

The g<is IS most conveniently obtained fioni the dichloride of 
cupioso-diphosphonuun (Pnbau, 0 r, 110 , 240, 510), which is 
obtained by passing phosphoretted hydrogen into a solution of 
cupious chloiide in hydrochloric acid The compound can be 
sepal ated in colourless needles The saturated solution gives 
neaily eighty times its volume of phosphoretted hydrogen on 
heating The gas may be purified by passage over potash and 
pentoxide of pliosphoius 

Impiiie phosphoietted hydiogen could easily be purified by 
fi actional distillation 

Hydiochlouc acid, HCl — By the action of strong sulphuric 
acid upon fused sodium chloride, oi preferably upon ammonium 
chloiide The Scalt is placed in a flask (Fig 41), and the acid is 
introduced thiough the tap -funnel, the stopcock of which is 
lubricated with metaphosphonc acid The gas must be dried by 
passage through sulphuiic acid, and subsequently thiough a 
considerable length of tube containing pentoxide of phosphorus 
Hijdi olromio acid, PIBr — It is easy to prepare puie hydro- 
bromic acid by allowing the aqueous solution of the gas to drop 
slowly into a flask containing pentoxide of phosphorus The gas 
IS subsequently allowed to flow through tubes containing the same 
substance Caie must be taken that the liquid does not come 
too rapidly in contact with pentoxide, or some of the gas will be 
decomposed owing to the heat developed during the reaction 

Hydnodw acid, HI — Pure hydrogen iodide may be obtained 
in the following manner (Bannow, B , 1874, 1498 ) A solution of 
10 parts of iodine in 5 parts of an aqueous solution of hydriodic 
acid IS allowed to drop into a flask containing 1 part of red 
phosphorus The gas is first passed through a tube containing 
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led pliosphoius A cextam quantity of phosphonium iodide is 
formed, and must be got rid of by passing the gas tlnough a 
coo e spiral The gas is then passed through a tube containing 
calcium iodide, and finally dried by passage tliiougli pentovide of 

p osphorus The gas is easily decomposed by the action of heat 
or light 

Tins gas might well be purified by fractional distillation 
Sulphii dioxide, SO^ — The liquid sulphur dioxide obtained 
m glass syphons is of a high degree of purity After rejecting 
e rst portion, a stream of the gas from a vessel coiitaming 
the liquid may be passed thiough tubes containing pentoxide 

of phosphorus directly into the vessel ni which it is to be 
collected 

SiolplmuttedJujdTogen, H,S~The pure gas may be obtained 
y the action of magnesium chloride upon calcium sulphide m 
the presence of water (Hebei iiiann, Oh J, 13, 314) The water 
should be allowed to drop slowly on the solids which are 
powdered and mixed together Moist sulphuretted hydrogen 
must not be brought into contact with mercury 

The gas can be condensed m a bulb cooled by solid carbonic 
acid and ether, and distilled 

Ethane, — Murray {Joui Chem aJoc, 1892 61 101 has 

caretally m™tjgated the condihoM wkoh are moit fbom.lle 

Let r of potaeemm 

decomposition teles place acoorilmg to the 

aOHaCOOKAq = + 00^ + KpCOj Aq + 

Ethane and carbon dioxide are hberated at the anode 

A eonceutiated solution of the salt, about 60 per cent, should 

should be about 150 sq cm Since the yield of ethane de- 
creases considerably with rise nf * x, 

E« v.,.! r T , ^ temperature, the apparatus 

must be iept cool durmg the experiment An anmratus 

similar t. fct employed tor the eleotrolysm of ddnte sSto 
acid might be conveniently used ipnuric 

The gas when first generated always contains, besides carbon 
^oxide, traces of oxygen, ethylene, and vapour of methyl aceUte 
Knenen (?U Ma, . 1895. 40. 177) toJd ,hat the 
could be most eonvemently lemoved in the following manner 
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The gas was fiist passed thiough liiimiig sulphiiiic acid into a 
laige gasholder containing soda solution It then passed tliioiigli 
tubes containing fuming sulphuiic acid, solid potash, and pen- 
toxide of phosphorus to a compiession apparatus, by ine<ins ot 
which it was liquified The liquid was then cooled with solid 
carbonic acid, and allowed to boil m oidei to expel the peimanent 
gases The middle fiaction consisted of peifectly puie eth<ine, 
the higher boiling impuiities lemaining on the apparatus 

Etliylme, C^H^, cannot be obtained sufficiently pure loi the 
determination of physical constants by the action of sulphuric 
acid upon alcohol KSulphui dioxide, caibon dioxide, and mon- 
oxide aie always among the pioducts of this leaction The gas 
can easily be obtained puie by liquefaction and subsequent 
fi actional distillation of the liquid (p 211) 

AGctylenc, — Pure acetylene can only be ob tamed by 

liquefying and distilling the gas generated by the action of water 
on calcium caibide The gas always contains hydrogen fiom 
fiee calcium, siliuietted hydiogen from calcium sihcide, phospho- 
letted hydiogen lioiii calcium phosphide, and aldeh}de vapour 
pioduced by the condensation ot acetylene with watei, a leaction 
which takes place nioie lapidly in piesence ot acids Tlie gas 
may be tieed tiom phosphoietted hydrogen by passing it thioiigh 
a solution of silvei nitiate 

Licpud acetylene can be ])ui chased in cylindcis on the 
Continent 

Methane — Fiom sodium acetate (1 paiL) and baiium oxide 
(4 paits) The mivtiuc must not be heated too stiongly The 
gas IS purified by passage thiough caustic soda and stiong 
sulphiuic acid 

By the action ot /inc-methyl on watei The gas is purified 
by passage through watei, caustic soda, and strong sulphiuic acid 
111 01 del to avoid iisk of contamination liy introduction of higher 
hydrocaibons, the zinc-metliyl must be prepaicd by the action of 
the zinc-copper couple on puie methyl iodide 

Sifaon let) ctfiuoo ide, SiF^, can easily be obtained by heating 
a mixtuie of silica and sodium lluoiide with stiong sulphuric 
acid , the silica should be piesent m excess The apparatus 
should be (pnte diy, and the gas should not be allowed to enter 
the puni]) 

Methyl ililn)ide, CHjCl, can be purchased on the Continent, 
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but IS somewhat dithciilt to obtain m England It boils at 
— 24"" C, and IS much used as a refiigeiant 

Ozoiu, 0^ — Although it is impossible to obtain o/one fiee 
from oxygen, it is convenient to include in this eliaptei a 
descnption of the methods employed in nuinipulat- 
• mg it A mixtuie of ozone and oxygen maj 
he obtained by subjecting pure oxygen to the in- 
fluence of the silent dischaige Nitiogen must be 
absent, since the conditions whicli favoin the pro- 
duction of ozone lead also to tlie ioimation of 

oxides of nitrogen The gas must not lie bt ought 
into contact either with rubbei or with meicuiy, 
both of which are attacked by ozone Idie gas 
does not, howevei, act upon paiafiin, and stopcocks 
may be lubricated with metaphosphoiic acid 

The quantity of ozone, that is to say the 

percentage of ozone in the inixtuie, vaiios with 
the nature of the discharge, with the temperatuie, and with 
the quantity of moisture piesent in the gas Tlie lollowing 

are the moie important points to be kept in mind in designing 

the apparatus — 

( l ) The ozoniser must be kept cool 

(u) The ozomser must be made of tlun glass of uinfoim 
thickness 

(m) The two siufaces betweeu which the discharge is passed, 
should be ^ close together as ‘possible (Shenstone and Priest, 
Glum Soc Jom , 1893, 63, 952) 

apparatus originally designed by 
Brodie maybe made to fulfil these conditions (Fig 52) The 
^y of the apparatus, which is similar in construction to the 
lacuum-vessels used to contain liquid air, consists of two con- 

Tw TuS, iT together. 

hoi the production of ozone m large ouanl-Uv +E. a a i 
osomse, app™, „ „e .he eftcs.t " ZZl ‘oVa" 
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of tlcit lings ut pewtei toothed on the inside, and connected 
longitudinally l)y stiips of metal to foiin a cage The cage fits 
ovei an exhausted glass e}linder, with a long electrode sealed 
into it, so closely that the points touch the glass everywhere 
The leads fioin the coil aie connected with the cage and with 
the electiode of the vacuuni--tul)e, and the whole apparatus is 
placed inside the a essel in which the ozone is to be produced 
The exhausted tube may be leplaced by one thiough which 
a cuirent of Avatei eiiculates, so that the ozone is actually 
produced in contact with a cooled surface 

With legard to the nature of the dischaige, Shenstone and 
Piiest state that the difference of potential should not be too 
great, and that the inteiiuptions should not exceed one thousand 
pel minute It appeals, howevei, that the intensity of the dischaige 
should bear some relation to the rate of flow of the gas, and that 
for a rapid cuiient a high potential may be used with advantage, 
in the lattei case a huge coil should be employed (see also p 
241 ) 
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Nearly all the measuiements with which we aic (‘oiiceined iii 
deahng with gases, consist in the deteiinination ol the posit mu 
of the surface of the liquid in the vessel in ■whith the <'as is 
confined 

The leadings are taken either with regard to a fixed point, 
to graduations on the outer surface ot the glass, oi to a scale 
placed close to it Since the suifaee of the iKpiid is mvaiiahly 
curved, the leaduig usually involves the deteiiiiiiiatioii ol the 
position of the middle point of the curved surface, with legaid to 
a scale which is distant fiom it by at least the ladius ol the 
tube, and unless the eye of the observer is exactly on a, Im.d 

with the suiface of the liquid, the accuracy of the obseivation 
will be seriously affected 

meterf^Ptr^r^ sm/r (Jolly) In leading baioiiietcis, inann- 
mSes Ti glass scale luled m niilli- 

abont 0 mm mthULss wLcT i" 

surface WLa,, ™ich is then silvered on the second 

reHected ij,™ W 

the scde .s 1 f '*'1“'. *B. it 

..I. e^VeodcUe the„“rj““ 
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leddiiig, a piece of white papei should be held on one side of the 
scale, and a lens of low magnifying powei should be used A 
lantern covered with parcliment papei may be used foi taking 
leadings at night 

It has been suggested that inaccuracy in the obseivations 
may result from iriegulaiities in the glass surfaces about the 
edges of the lines luled on the glass surface The eiroi would 
be very small in any case, and would entirely disappear if the 
scales were so placed that the luled lines only extended half-way 
across the field The total erroi might, however, in this case be 
still greater, as small irregulaiities are moie likely to occur at 
the end than in the middle of the lines In any case the lines 
should be made as fine as possible 

Scales etched upon glass, and illuminated fioni behind, are 
inoie convenient foi use with a telescope or cathetunieter (p 
58 ) 

The ') eadmg telescope is usually employed in making accurate 
obseivations of pressuie, volume, etc The telescope consists of 
a combination of an object lens and a negative eyepiece containing 
a spidei line oi cross-wiie A pan of convex lenses is often 
mtioduced into the system to act as a lectigiaph A level is 
attached to the top of the telescope 

The telescope, which is mounted on a stand lesting on tbiee 
levelling screws, should bo capable both of vcitical and of horizontal 
motion 111 its simplest foim it is earned on a mount, which 
slides on the veitical rod which foims the stand, and which can 
be clamped m any position The mount may be so constructed 
that the telescope may be rotated about the \ertical axis, and a 
screw aiiangemeut for adjusting the telescope in the vertical 
position may be added The lattei, however, unless \ery well 
constructed, will piove worse than useless 

A telescope of this desciiption may be used in leading the 
position of the surface of the liquid m a glass vessel, with regard 
to the giaduations on its outer suiface, oi to a scale placed either 
behind it, oi so close to it, that both the surface of the liquid 
and the scale are m the field at once The telescope is placed 
at such a distance from the apparatus, that both points of observa- 
tion are in focus at the same time, the cross-wire is adjusted to 
the surface of the liquid, and its position with legard to the scale 
IS determined It is not advisable to employ a cathetometei, 
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an mstrimient m winch the scale is attached to the telescope, 
m making observations of this kind Unless the instiunient 
IS very well constiucted, and is made 
veiy heavy and rigid, consideiable eiiois 
may be introduced 

Sometimes the scale cannot b(' ])la.eed 
so close to the instiument, that the 
cross-wire of the telescope can covei 
both the surface of the litpud and the 
giaduations at the same time In this 
case the telescope must be so ananged 
that it can be turned honzontally so us 
to cover each of the objects in tiun 
without veitical deviation In oidei to 
secure this object, the telescojie stand 
may be so constructed, that the wliole 
of the pillar on which the teleseoiie 
moves may be made to turn about its 
vertical axis (Fig 53) The setting 
of the instrument may be tested by 
observmg the height of the iKpiid 
(mercury, or water) in thiee veitical glass 
i-^ion^i Li f^hes connected to a common reservon, 
Thth J of » cmle. m the eeafo 

fi“ d e tetwooii 

lived pkte on the floor and eeihng of the lahoiatory 

Sr Mf„“rnpplr”* 

vohnng “determnaht’ ot togterf f 

brnoeana ot a scale and tdeecop: « 

preoantton that light dways comi iron, t^! ! ^ toke the 

logard to the surface of the mercury The toT^! 5°“ " 

may appear a few fAnfiia ^ top ol the meniscus 

0. 'boV. 'T 

placed behind the instrument This diflicn hv “ ^ 

by using onlj diffused light A piece „f “1 ’’® b™'!”"”! 

loent paper placed behind the mstrnment 



Fig 53 
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by daylight, oi by a flame placed at some distance fiom it, lias 
been found to give very good lesiilts In an investigation in 
which it was necessary to use a glass scale about one nietie m 
length, the back of the scale was coveied with a stiip ot giound 
glass, and an electric lamp, which could be adjusted to the height 
of the meicury column, was used as the souice of light A strip 
of silvered glass placed at an angle behind the nistiument has 
been sometimes used with satisfactoiy lesults 

Gmduahon of scales, etc — The dividing engine is, of couise, 
the most efficient and accuiate instrument by which a scale may 
be ruled on metal or glass The geai, which is cairied on a 
traveller, is moved by means of a screw of veiy legular pitch 
attached to a divided head The length of the lines is usually 
regulated mechanically, so that every fifth line may be made 
longer than the otheis The instrument must be kept at constant 
tempeiatiue during the ruling of a scale 

Since the dividing engine is a very expensive and delicate 
instrument, it is not found in every laboratoiy , it will be well, 
therefore, to desciibe one or two simple methods foi dividing 
scales on glass 

Scales may be luled on glass by means of a diamond, or 
etched with hydiofluoiic acid The fust method gives the finer 
lines, but unless the glass is thick it is hal)lc to ciack along one 
of the divisions The second method is most usually employed , 
the glass is fiist wanned, and then coated with a thin even layei of 
yellow bres-vjcce or some substance of a similai consistency The 
scale IS then ruled and figured, and a jiiece of cotton wool soaked in 
concentrated hydiofluoiic acid is passed seveial times lightly over 
the surface The excess of acid is removed by washing with 
water , the scale is then wanned, and the wax is removed The 
graduations may be made more distinct by rubbing a little red 
lead mixed with shellac varnish into them, and removing the 
excess with a rag 

Short scales may be conveniently luled in the following 
manner A steel rule about 4 cm wide is divided into milli- 
metres along both edges of the same suiface so that the divisions 
conespond The rule is fixed on a board so that its surface 
lies a little above the surface to be ruled The plate, or instru- 
ment which IS to be divided, can he fixed in position by means 
of a little pitch The tiaveller is shown m Fig 54 It consists 
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of a triangulai plate of biass, along one edge ot wlueli is lixed 
a nairow projecting strip which seives as ,1 guuh' At light 

angles to this ship, two pointed 
sciews pass down thiongh the 
plate, so that when the stiip 
IS piessed ag.iiiist the edge of 
the iiile, the screw jioints fall 
into coriespouding divisions of 
the scales The jdatc cariies an 
upright which selves to direct 
the luling needle, which is earned 
on a ship of hiass held against 
the face of the iipnght liy means 
of an adjustable scieiv woiking 
in a veitical slot The upiight 
IS so placed that when the needle 
cm fiom the edge ot the iiile A 
the strip which caiiies the needle 



Fig 54 


IS veitical iti lies at about 2 
small knob projecting from 
serv^es as a handle 

In using the instrument, the plate oi tube to be divided is 
SriVE logulated b 7 

the lenatlforir ° 

with Indian longituamaU^ 

5.he rdf ”«'* ''»«“> «t «■ e ta ol 

rLthiff r.:; — “ “ "• - 

a tnbe'^of small mte^nardiaf a gas confined in 

diffeience of level between T T ''' '^^^ermining the tiue 
dianieteis, it is n ees ar^^^^^^ IaI 

IH the case of 1 f 

meiely amattei of caleulationforTl'^^'^^f becomes 

p n the density of the liquid t r ^ diameter Where 

■« -- .. nsL ... 
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The value of h must m such cases be subtiaciecl fioin the iippaient 
height of the liquid in tlie tube 

In the case of liquids such as ineicuiy, whicli do not wet the 
glass, h has a negative value, and it is found that it is juactically 
impossible to calculate its value with any cvactitude The coi- 
rection to be applied can eithei be detei mined diiectly, oi can be 
woiked out from tables , the first method is 
preferable where it is possible | 

In the case of the simple gas biiiette (p 
67) the piessuie on the gas is detei mined 
by means of a small side-tube inside the water- 
jacket When both sui faces aie exposed to 
atmospheiic piessiue, the surface of the ineicury 
in the small tube lies about 1 mni below^ the 
suiface of the meicuiy in the Luge tube This 
difference may be diiectly detei mined by means 
of a telescope and a scale pLioed behind t]i(‘ 
instillment, oi the i<uhus of tlie tube may be de- 
tei mined, and the collection (‘alculated fiom a table of expeiiment- 
ally deteimined values foi the capillaiy depiession of meieuiy — 



Ca])ill<iiy dtpiessiou on tube of ladius R =• f min 
,, ,, R| ■= // „ 

Diffeieiicc lu coiitciiou to be rqq)lu‘d ^ i— if 


The following tahlo of collections, iiivolMiig the height of the 
meniscus, whicli is a varial)]e, is given by T Kohhausch — 


n(ML,ia 111* 

111 milliini ti< s 

U 1 

0 () 

0 b 

l 0 

I J 

1 I 

1 () 

I 8 

Diaiiu tti ol Tubi) 

4 nulluiiotius 

0 ss 

1 22 

1 '54 

1 98 

2 37 





0 47 

0 65 

0 8b 

1 19 

1 45 

1 80 




0 27 

0 41 

0 56 

0 78 

0 98 

1 21 

1 13 



0 18 

0 28 

0 40 

0 53 

0 67 

0 82 

0 97 

1 13 

8 


0 20 

0 29 

0 38 

0 46 

0 56 

0 65 

0 77 

9 


0 15 

0 21 

0 28 

0 33 

0 40 

0 16 

0 52 

10 



0 15 

0 20 

0 25 

0 29 

0 33 

0 37 

11 



0 10 

014 

0 18 

0 21 

0 21 

0 27 

12 



0 07 

0 10 

0 13 

0 15 

0 18 

0 19 




0 Ot 

0 07 

0 10 

0 12 

0 13 

0 14 
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Stockli {W%ed Ann, 1898, 516) has obseived that when a 
gas IS allowed to enter a vessel containing meiciuy the siulace 
tension is temporal ilj increased, but regains its noiinal value aftei 
some minutes The phenomenon is attiibiited to a static electiical 
effect connected with the condensation of the gas on the KSiiiface 
of the mercury The correction for capillarity appeals in any 
ease to be of such an uncertain natuie that it should, wdien 
possible, be eliminated 


StuUioji — In experiments involving the use of tubes of small 
diameter containing mercury a difficulty is expeiieiiced to which 
the term shclhon has been applied Its exact natuio has not 
been explained, but appears to be due to a tendency of the nieicuiy 
to wet or adhere to the glass 

If a vertical capillary tube is connected by a piece of lubbei 
tube to a reservoir containing mercury, which is slowly raised, the 
mercury will rise in the capillaiy tube in a senes of ](uks 
Turther, if the reservoii is biought to rest, and the capillaiy tube 
is tapped with the finger, the mercury will not always come to 
rest m exactly the same position The phenomenon becomes inoie 
marked it the glass is not quite clean 

In tubes of larger diameter the mercury appeals to adheie to 
the walls at the edges of the meniscus If the glass is peilectly 
clean this only occurs so far as to alter the foini of the meniscus 
when the meicury IS rising or falling, an effect whicli may be 
attributed to friction alone In oidei to obtain concordant lesults, 

mthpr tjr experiments should ].e l.iken 

point as lowering the mercury to the fiducial 

K Tk ^ convenient If the reading is to be 

to rl'^the mercury has been biought 

0 r^c, the tube may be tapped Continuous tapping by means 

In some recent experiments on the late of difiusioii of 
fLT the rate of fall of a column of iiiercuiy 
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clamp The tiiial adjustment may be made (Fig 56) by means 
ot a closed glass tube which, passing lairly loosely tliiough a coik 
in the mouth ot the leservon, may be toiced 
down into the meicuiy The buiette is p 

sometimes connected with the leservoii 
thiough a tap The iesei\oir is first raised 
till the niercuiy lies a little below the mark, 
the tap lb then closed, and 
the final adjustment is made 
by conipiessing the lubber 
tube with a broad wooden 
clamp attached to the table 
A sciewpluiigei (Fig 57) 
has been used by llaly and 
Iiamsay in connection with 
the McLeod gauge A 
cylindiical iron block c was 
cemented into the upper and wider poition ot the 
glass appaiatiis d The plungei a w<is screwed 
thiough the block, and the small bciew 5 piassed 
thiougli the laigei plungei, and served as a fine 
adjustment It was loinul that it the screws 
W(uc well gieascd considenible pressure in the 
jOj( 57 vessel d was rec[uued to loico the mercury 
between the bhieads ot the screws The pie- 
limmaiy adjustment o[ tlie meiciuy in the gauge was made by 
means ot an ordinary leseivoir and rubber tube, which was con- 
nected to the apparatus thiough a tap. Tlie tap was subsequently 
closed, and the final adjustment was made by means of the screws 
alone 
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MEASUEEMENT OF YOLUME 
Measiii enient of tlie volume of gases — Gas analysis 

In measuimg the Aolume of a gas, it is of couise iiccessaiy to 
take into consideration its temperature and the i)iossinc iindei 
which it IS confined Foi the purposes of gas anal} sis it is 
possible, howevei, to neglect the vai rations from the laws of Hoyle 
and Gay-Lussac, since they lie outside the limit of accuiacy of 
most of the processes involved, and to assume that the equation 

Pi'^1 _ !Po^2 


holds good in its simplest form 

The law of mixtures can also be assumed within the same 
limits 

A special case, which occurs in most of the processes in gas 
analysis, consists in the application of the correction foi the 
pressure of water-vapour in a gas Most of these processes 
consist in treating a gaseous mixture with aqueous solutions of 
1 erent reagents in order to absorb particulai constituents 
Ihe gas becomes saturated with water -vapour at the suiface 
of the solution, and as this is a function both of its nature and 
its concentration, it is practically impossible to calculate the 
quantity of water in the gas, and so determine the volume of diy 
gas which is present If the gas is to be measured dry, it may 

^ containing pentoxide ot pliosphoms 
attached to the pump, and measured in a dry buiette In ordei 
the source of eiror due to partial saturation, the gas 
should be brought into contact with pure water at the tempela- 
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tme cat which it is mecasiiied, by intiodiicmg a few chops ot puie 
water into the iiieasuiing buiette 

It IS unlikely, except in a perfectly clean and diist-fiec vcsseb 
that a gcas would Jong lemain supeisatinated 

The vapoui piessure ot watei may be deteriniiied fioin the 
following table — 


Vapour Pressures of Water (see dlso p 238) 


Temperature 

Pressuie 

Tempeuitiiic 

X / 

Prtssuic 

8“ 

8 017 mm 

1 17“ 

14 421 mm 

9“ 

8574 „ 

18“ 

15357 „ 

10“ 

9 165 , 

1 19“ 

16346 , 

11“ 

9 792 , 

1 20“ 

17 391 „ 

12° 

10457 „ 

21“ 

18495 „ 

13“ 

11162 „ 

1 22“ 

19659 „ 

14“ 

11 908 „ 

! 23' 

20 888 „ 

15“ 

12 699 , 1 

24“ 

22 184 „ 

16“ 

13 5.36 „ 

25“ 

23 550 „ 


It it IS necessaiy to meabine the gas in contact with a solu- 
tion, the coirectioii to be applied will, of couise, be less than loi 
pure watei at a coiies])ondnig icmpeiatuie The vapoui piessuies 
ot acpieoiis solutions ol the commonei acids, alkalis, and salts have 
been deteimined by Bunsen and otheis Tables will be found m 
Kail von Buchei’s ibcli -( hani^die Tctbdleii 

When a gas is ineasiued at a laiily high temperatuie m a 
vessel containing meiciuy, the \apoui piessiue ot ineiciuy must 
also be consideied The following tiguies have been taken fioiu 
the determinations of liaiiisay and Young — 


Vapour Pressures of Mercury 


Tempei iture 

Pi essme 

Temperatuie 

Pressme 

40“ 

0 008 

mm 

200“ 

17 02 mm 

50“ 

015 

j j 

220“ 

3196 

33 

60“ 

029 

3? 

270“ 

123 9 

3 > 

70“ 

052 

3’ 

280° 

1574 

3) 

80“ 

093 


290“ 

1980 

33 

90“ 

160 

3) 

300“ 

246 8 ^ 

33 

100“ 

270 

53 

310“ 

304 8 

33 

120“ 

719 

3 

320“ 

373 7 

33 

140“ 

1 763 

3 3 

330“ 

454 4 

3 

160“ 

4013 

3? 

340“ 

548 6 

53 

180“ 

8535 

33 

350“ 

6580 

33 


Mercury boils at 357“ {Giaft% P A [2], Beibl 7, 183) 
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In order to account for the chemical changes which gases 
undergo it is necessaiy to assume Avogadio’s hypothesis The 
assumption is justified within the limits of oidiiiaiy analysis In 
the case of the volumes of oxygen and hydrogen in electiolytic gas, 
the error is only about one part in a thousand (see p 1 5 ) it piopei 
precautions are taken 

After measuring the gas and applying the coriections for 
temperature and pressure, its weight may be lound by multiply- 
ing by the weight of unit volume (p 117) In tins case it is 
necessary to determine the cibsolaU \olume of the gas (sec p 119) 
In order to deteimine the peicentage composition of a gas it is 
only necessary to know the ')elatvbt volumes of its constituents 
The volume which a quantity of gas occupies undei standaid 
conditions may be determined by one of two methods, which for 



ordinary purposes may he consuleied as 
identical — 

(i) By measuring its volume in a giaduated 
instillment under known conditions of teinpeia- 
ture and pressure 

(ii) By measuring the piessure which it 
exerts when expanded or compicssed to fill a 
known volume under known conditions ol 
temperature 

The constant pressuie method (i) will be 
considered first, for although it is the less 
accurate, the apparatus employed and methods 
of manipulation are simplei 


A veiy simple and convenient foim of gas 
burette is shown m Pig 58 The appniatus 
consists of a syphon gas-pipette with a two- 
way stopcock, graduated in cubic ceiitiiueties 
from a mark on the millimetie bore tube near 
the tap Two platinum wires are sealed 
through the glass as near to the top as pos- 
sible This, of course, makes it quite im- 
possible to measure very small quantities of 
Fig -.8 accurately, but when rough analyses only 

out the convenient to be able to cairy 

out the whole operation with one piece of appaiatus The 

leservoir is cyhndrical, and of the same diameter "as theliette 
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A much more accuiate loim ol the apparatus is shown m the 
next figure The burette is ot 


the same form, but a tube of 
about 7 mm diameter, connected 
with it at its lower end, and 
terminating in a stopcock, 
renders it possible to determine 
the piessure on the gas with 
greater accuracy Both the 
burette and side -tube are en- 
closed in an outer jacket through 
which water is constantly circu- 
lated, and although the difference 
in the size of the two tubes 
lendeis it necessary to apply a 
correction for capillarity, the 
readings are more easily taken, 
and the error due to the differ- 
ence of tempeiature between the 
mercury inside and outside the 
water-jacket is practically elimi- 
nated The tempeiatuie is 
determined by means of a 
thermometer placed inside the 
watei -jacket 

The operation of measuiing a 
gas IS conducted in the follow- 
ing mannei The reservoir is 
first raised till the mercury rises 
above the stopcock on the side- 
tube, which is then closed The 
tube containing the gas is then 
brought over the syphon of tlie 
burette, the reservoir is lowered, 
and part, 01 the whole, of the gas 
IS taken over Mercury is then 
drawn into the syphon up to the 
mark The reservoir is then 



Fig 59 


raised till the meicury in the side- tube, which is now opened to 
the air, is exactly on the level with the suiface of the meicury 
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in the burette The linal adjustment may be made by one of 
the methods described on p G2 The volume of the gas is read 
off by means of a telescope, and the tempeiature of the water in 
the jacket is obseived The true volume is detei mined from 
the equation 

y^'OX(Bjhp) ^ 

(273 + 0 


where v = observed volume 

B = coirected barometric height 
p = correction for capillarity 
t = observed temperature 


The value of p, the capillarity, may be determined by allowing 
both the syphon and side-tube to stand open to the air, and 
reading off the difference of level between the meicury in the two 
tubes by means of a telescope and a scale placed behind the 
burette It is usual to graduate a huiette of this kind, when 
accurate work is required, in millimetre divisions The value of 
a division in different parts of the scale is determined by a 
method described on p 75, and the direct leadings are convex ted 
into cubic centimetres before the corrected volume is calculated 
Ihe same mstrument may he used lor the determination of 
the volume of a gas by the second method In this case the side- 
tube IS also divided in millimetres, and the relation between the 
paduations on the two scales is known, so that the difference m 
level between the surfaces of the mercuiy m the two tubes can 
be determined from the observations 


^ reading by this method the reservoir is adiusted 
till the surface of the mercuiy m the burette coincides exactly 
with one of the graduations The height of the mercury m the 
side-tube IS then observed, and from it the difference of level of 
the mercury in the two tubes is directly determined in the follow- 

wLeT'e particular instrument, m 

7^^ T millimetres 

from the top it is found that the 20 mm mark on the burette 

corresponds to 23 7 mm on the side-tube If m any particulai 
leading the observed difference of level is ^ mm, the pressure 
under which the gas is confined will be B-Py,±(n _ 3 ^ 7 ) ^im 
IS method of readmg,is more accurate than the last, hut if 

of S"resuh!h to be made the calculation 

of the results becomes somewhat more complicated 
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When the appaiatus is employed 111 gas analysis, the gas, aitei 
its volume has been measuied, is tiansleired either diiectly 01 
m a gas-tube to the apiparatus containing the reagent with which 
it IS to be treated It is veiy impoitant that the reagent should 
not enter the measuiing burette, which should contain a tiace 
of water only, if the reactions are earned out in gas -tubes 
(PP 26 , 27 ) a separate gas -pipette (p 28 ) should be used in 
sepal ating the liquid and gas, which should be brought to the 
burette in a clean tube 

Constant-vohtme bu 9 ette foi acem ate gas cthial ysib — Several forms 
of this instiument have been described by Hempel, Frankland, 
and others They all consist ultimately of a burette which is 
connected diiectly with a mercury reseivoir and with a barometer 
The gas is introduced into the burette, and the mercury reservoir 
IS adjusted until the raeicury in the burette is brought to the 
level of some fiducial niaik , the difference of level between 
the meicury m the burette and the top of the column of meicury 
in the baiometei indicates the pressure exerted by the gas when 
occupying a known or definite volume Fiom this it is possible 
to calculate the volume of the gas at 1101 mal pie&sure Unless the 
absolute volume of the gas is required, the volume of the burette 
need not be known , the relative volumes of the constituents of a 
mixtuie will of couise be piopoitional to the observed pressures 

In 01 del to simplify the calculation of the results of the 
analysis of a gaseous mixtuie it is convenient to maintain the 
bin ette and baiometei at constant tempeiature during a set of 
experiments To eliminate the correction due to the pressuie of 
watei-vapoui in the gas, both the burette and the space above the 
mercury in the baionieter should contain a few drops of watei 

A convenient form of constant -pressure burette, and one 
capable of giving results of the highest accuracy, has been devised 
by Ml Cr 17 Huntley 

The burette a (Fig GO) in which the gas is measured contains 
three opaque glass points (see p 77 ), and the volumes of the spaces 
above the mercury when its suiface is in contact with each of the 
thiee points is accurately known The burette is connected with 
a baiometei h and with a mercury leseivoir both the burette and 
barometer aie enclosed in water-jackets The barometer may 
be sealed directly to the T-tube below the burette, but as the 
appaiatus so constructed is very rigid it is usually found more 
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convenient to insert a piece of lubber tube In oiclei 
to eliminate danger fiom leakage the junction may be 
enclosed in mercury (p 20) 

The burette and baiometei are fixed on a wooden 
stand so that a meicury-tiongh (p 2G) may be bi ought 
below the syphon , a glass scale is fixed behind the 
barometer, and is so arranged that the readings can be 
taken by means of a telescope standing on the table by 
the side of the ap^paiatus 

The burette should l)e calibrated befoie it is placed 
in position A capillaiy tap is sealed to the bottom 
of the burette in place of the T-tube, the burette 
must of course be placed in the water-jacket before 
the tap IS sealed to it The buiette is placed in a 
veitical position and a cuiient of water allowed to flow 


through the jacket, it is then filled with inercuiy by 
means of a funnel and rubbei tube attached to tire 
lowei tap 

When the temperatuie has become constant, the 
upper surface of the mercury is brought to the mark on 
the capillary tube just inside the two-way tap The 
lower tap is then closed, and the rubbei 
tube IS removed and the funnel is 
emptied The rubbei tube is then 
leattached, the tap is opened, and 
mercury is allowed to flow into the 
funnel till the suiface falls below the 
upper glass point The funnel is then 
again raised and mercury allowed to 
flow back into the buiette till the glass 
point just touches the surface, as seen 

I II II coincidence of the point with its 
lyi reflected image The tap is then again 
closed and the mercury in the rubbei 
tubfe and funnel run into a glass 
vessel and weighed This operation is 
repeated in order to determine the 
volume contained betw een the lower 
points and the mark near the stopcock 
It IS necessary to adopt this method 
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of calibiation since, it glass points aie used, the surface of the 
mercury must be laised till it touches the point in oidei to 
take a leading If the mercury is loweied it appears to attach 
itself to the point, and does not bieak away till the true level of 
the mercury is 0 1 mm or moie below the point 

After fixing the buiette and baiometer tube in position the 
barometer tube is filled with mercury by raising the reservoir, or 
compressing the air inside it, till the meicury fills the chamber 
and the cup above it Before closing the top of the barometer by 
means of the giound-glass stoppei and reducing the pressure, a 
few drops of water aie introduced, the top of the barometer is 
effectually sealed by means of a small quantity of mercury poured 
into the cup 

It IS next necessary to determine the position of the glass 
points with legal d to the scale, which should be fixed so that its 
position shall lemain constant with legard to the burette This 
may easily be done by means of a telescope with a cross-wire if 
the buiette lies close to the scale If the bmette and scale he 
far apait, the le\el of the meicuiy 
111 thebaiometei should be deteimined 
when the top of the liaiometei is 
open and the meicury in the buiette 
lies in contact with one of the points 
Or the buiette may be filled with 
meicuiy, and the leseivoii loweied 
so that a vacuum is pioduced m both 
paits of the apparatus In both the 
lattei methods the coriection for 
capillaiity is eliminated , in the fiist 
it must be applied separately 

As a separate check on the values 
obtained for the volumes of the spaces 
from the inaik on the capillary tube 
to the three points, the following ex- 
peiiment may be pei formed A 
small quantity of an is drawn into 
the buiette, mercury is drawn into 
the capillary till it reaches the maik, 
and the meicuiy is adjusted in succession, to each of the three 
points The three readings of pressure should be proportional 




72 


EXPERIMENTAL STUDY OF GASES 


CHAP VII 


to the volumes ol3tainecl by weighing witii meicury, supposing 
that the temperature thioughout the appaiatiis is constant and 
uniform, and that consequently the collection ioi the pressure ot 
water-vapour and capillarity can he neglected 

Julius Thomsen (Zmt An CJicmie, 1896, 1) has described a 
very accurate method foi measuring large volumes of gas The 
gas is introduced through the stopcock a into the leseivoii A which 
also communicates with a water U -manometer tlnough the stop- 
cock 5 The volume of water in A can be adjusted by opening 
the stopcock c and altering the pressure m B, which communicates 
with a large gasholder through cl The watei is satin ated with 
the gas to be measured, B and the laige gasholder are filled 
with the same gas The volume of gas in A is determined by 
disconnecting it fioni B and weighing it befoie and aftei the 
experiment 
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Calibiatioii of measming ’vc&bols, etc 


SiNCP'' tlie glass tubes from which gas burettes and othei pieces of 
appaiatus are made aie laiely, if ever, truly cylmdiical, it is often 
necessaiy to determine not only the total capacity of the 
apparatus but the volume corresponding to each division of the 
scale The volume of the appaiatus may be calculated fioin the 
weight of ineicuiy which fills it at tempeiatuie i Where W is 
the weight of the mercuiy in giams and Y its \olunie in culiic 
centimeties, 

^_AV' (1 + OOOISK) t) 

“ 13 590 


If watei IS used instead ol moiciiry th(‘ volume may be 
detei mined fiom the following table m which the volumes of one 


gram aie expressed in cubic centimeties — 


0 

1 000126 

16 

1 001025 

1 

070 

17" 

1193 


030 

18‘ 

1373 


007 

19" 

1564 

4' 

000 

20 

1768 


008 

2r 

1981 

6'^ 

031 

22 

2204 

r 

069 

23 

2438 

8^ 

122 

24" 

2681 

9' 

188 

25" 

2935 

IC’ 

269 

26' 

3199 

IfU 

363 

27 

3472 

12^- 

470 

28" 

3788 

13" 

590 

29^ 

4045 

14" 

722 

30" 

4346 

15" 

867 

31" 

4656 
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The weight of a litie of water at 4° 0 is taken to be 1000 giams 
This IS not, of course, exactly true for the staiidaid, tlie Ikuis 
kilogiam, but it serves as a convenient standaid loi physical 
observations, and the results aie always capable of fiuthei 
correction The actual results for the weight of a litre of watei 
vary between 1000 013 and 999 88 grains, a difleience ol 0 0015 
per cent 

Assuming the density a]i 4° C to be unity, Sclieel (JTied 
Ann, 1892, 47, 400) has found that the density at 0° C is 
0 9998748 

Ocdibiation of the simple gas-measui %ng tiihe — The tube is 
carefully cleaned and fixed in a vertical position, mouth upwaids, 
in a clamp A reading telescope is placed at such a distance 
that the graduations on the surface of the tube, and the top of 
the meniscus of the liquid in the tube, can be distinctly seen at 
the same time 

Successive quantities of mereuiy, which have been either 
weighed or measured, are introduced into the tube, and the posi- 
tion of the meniscus is lead off after each addition The meicury 
should be poured into the tube through a funnel, which is drawn 
out in the blowpipe flame to a sufficient length to reach to the 
bottom of the tube If any an -bubbles are formed between the 
mercury and the glass they may be removed by means ol a long 
strip of wood 

The quantities of mercury which aie mtioduced may ho con- 
veniently measuied m the followmg mannei The edges of a 
small thick-walled glass tube are ground to fit a glass plate, 
wooden handles are cemented both to the tube and to the plate 
Ihe tube is filled with mercury and the plate pressed on to the 
top of It while the tube is held over a basin The plate is then 
removed, and the mercury is poured into the tube, which is being 


In this way the capacity of the tube between any two divi- 
sions may be determined, but it is not possible to find directly 
Its capacity to any division when it contains a gas confined 
We know the volume ahdi', we require to know 

ead, and a drop of mercuric chloride is allowed to 
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iall on the siufciee of the merciiiy The surface now becomes 
flat, and the difference A between the two leadings is equal to 
half the volume IcWc'dc In oidei then to 
obtain the volumes of the tube with regaid to 
the graduation when the closed end is uppei- 
most, it is necessary to add 2A to the values 
first obtained 

When it IS possible it is advisable to 
avoid the necessity of applying the collection 
for meniscus, which is difficult to determine 
accuiately, and to calibrate the instruments in 
the position in which they aie used In the 
case of the simple gas burette (p 66), a capil- 
laiy tap is sealed to the lower tube, and the 
buiette IS filled to the mark near the tap with 
xnercuiy by means of a funnel and lubber tube 
Successive quantities of inercuiy aie then lun 
out into a small flask and weighed, and the 
position of the meniscus is detei mined at each 
weigliing , the side of the buiette should he tapped with the 
tingei befoie the leading is taken in oiclei to make sure that 
the meniscus takes its noiinal ioim If the buiette is fitted 
with a side-tube loi levelling the opeiation is similar The side- 
tube is completely tilled with meicuiy, and the tap at the top of 
it IS closi'd, if no an-bubbles are piesent none of the mercury 
in the side- till )e luiis into the buiette, although the difference of 
level in the two is considerable 

While buiette oi similai piece of apparatus is being 
calibiated it must l)e kept at constant tempeiatuie, preferably by 
means of an outei tube throngli which a cuiient of water is 
flowing 

Fioin the telescope leadings and weights of ineicury the 
capacity ol the instiument in cubic centimeties can be directly 
calculated The results may then be plotted on a curve from 
which the volume coiiesponding to any numhers of divisions may 
afterw^aids be determined If the buiette oi tube is truly 
cylindrical the cuive will be linear This is never actually found 
to be the case, but the error may be so small as to render it 
negligible for most purposes 

The volume may be conveniently expressed in grams of 


a 
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mercury when comparative measurements only are leqmied If 
several pieces of apparatus aie employed, it is iinpoitant that the 
volumes are all ultimately leferred to the same standaid weidits 
(p 119) 

Cahbmhon of a tiibc — Capillary tube of legulai 

bore IS very ditficult to obtain, as the motion given to the "glass 
while It IS being drawn results as a rule m the formation of 
alternate wide and narrow sections Lead-glass tube is usually 
more regular than soda-glass tube 

(i) When the title is open at loth ench—ThQ tube should 
either be giaduated oa the glass, or the position of diffeieiit points 
in the tube should be detei mined by relation to a mark on 
the tube and to a mirror scale on which the tube is laid If 
the leadings are to be taken with relation to giaduations on 
the tube a vertical reading telescope should be used, oi if this 


^ ^ 

d 
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Fig 63 


iiisLiumtinb 

obtained a sheet of 
silvered glass must be 
placed underneath it 
Older to determine 

the volume of the tube a thiead of meicury about 2 cm long is 
rawn up into it and its length ae is measured at different points 
in the tube the values so obtained are plotted against the position 
of the middle point, 5, of the thread 

Since the ends of the thread of mercuiy aie curved sui laces 
It IS necessary to apply a coirection foi meniscus before the 
rue volume occupied by the mercury can be determined If the 
capiUary m hss than 0 5 mm in diametei the meniscus may be 
taken to be hemispherical, and if the surface weie flattened, the 
cyhnder of mercury which would be formed would only have the 
height ^ i where . is the radius of the tube It is necessary, 
therefore, to subtract 1 from the length of the thread in ordi 
to determine its true length If the tube is more than 0 5 mm 

ibe msv b ^‘^"“"^f^y^tl^^^becomesfA The radius of the 
tube may be measured by means of a microscope with a micio- 
metei eyepiece, or m the case of very fine capilW tube mav be 

theLumpi it: rt: 

ot a section of the tube may be directly calculated from the 
observed length and weight of the mercuiy thread 
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The meicury is hiially lun out into a small glass vessel 
and weighed 

A simplex and probably moie accurate method ol calibrating 
capillaiy tubes is as follows A shoit thread of meicury is 
drawn into the tube and its position is adjusted so that one end 
of it IS close to the fiist division , its length is detei mined and 
it is run into a ciucible and weighed A second and somewhat 
longei thread is then diawii into the tube, and its position is 
adjusted till one end lies nearly in the same position as in the 
fust case , the length and weight aie again determined This 
operation is repeated with longer and longer threads until the 
capacity of the whole tube has been deteinuneJ 

(n) When the tube is closed at one end — Wlieie it is possible 
the calibration of the greater poitioii of the tube should be 
earned out before the tube is closed In ordei to determine the 
volume of the closed end of the tube a little meicury is intro- 
duced as befoie and 
the enclosed air is 
sucked out by means 
of a piece of glass 
tube diawn out to ban thickness Ihe length of the tliiead is 
then determined, and the value of ^ is subti acted to allow for 
the meniscus at The fine glass tube is again intioduced into 
the capillaiy, and the meicuiy is blown out into a glass vessel 
and weighed 

(ill) If the iapilLaiy is do^cd at both ends, as in a ther- 
moinetei, it is only possible to detei mine the relation between 
the diametei of the tube in different paits This condition is 
not likely to occur in the manipulation of gases, but a description 
of the process commonly employed loi the calibration of such 
instruments can be found in Ostwald’s Physico-Chemical Measure- 
menu 

Calih) ation of msti vments in uhich an ojpaqne glass 'point is imd 
as an indicator — As has already been stated, the most accurate 
method of bunging the surface of the mercury in a vessel to a 
ceitam level is by the use of the black glass point used by Von 
Jolly in the analysis of air Since the mercury must always be 
raised (p 71 ) till it just touches the glass point, special methods 
of calibration must be employed 

Sometimes (p 119 ) it is necessary to fill the apparatus with 


a 



Fig 6t 
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mercury or water and weigh it , these cases will be dealt with 
as they occur 

Where it is impossible to introduce meicury oi watei into 
the apparatus, air must be used to determine the volume The 
apparatus is filled with an under conditions ol tempei<ituie and 
pressure which can be determined, and the volume of the air, 
which IS removed by means of a pump (Chap II ) and cai dully 
collected, is measured in a caiefully calibrated gas buiette 



CHAPTER IX 


GAS ANALYSIS 

Absorption of gases by solid oi liq^iud leagents — Geneial pimciples — Methods of 
manipulation, appaiatus, etc — Oxygen — H^diogen — Caibon dioxide — 
Caiboii monoxide — Ethylene — Acetylene — Estmiation ot benzene — Combus- 
tion ot gasses 

The most convenient method by which the composition ot a 
gaseous mixtuie can he deteimined consists in the successive 
absorption of its constituents The absorbents may be eithei solids 
01 liquids with whicli the gases leact chemically or physically 
The quantity ol any particulai constituent can be determined 
eithei by measuiiiig the decrease in volume pioduced by ti eating 
the mix till e with excess of the reagent, oi by bringing a known 
volume ol the mixture into contact with a ineasuied ipiantity 
of the reagent, and deteiniming the amount of it whicli has 
undergone change The subject will hist be considered generally 
Suppose that in a gaseous mixture it is necessaiy to determine 
the quality ol one constituent, A The gas, alter being measured, 
IS brought into intimate contact with a reagent which absorbs 
this constituent, and the unabsorbed gas is again measured Now 
if the gas A, which has been absorbed, forms a compound with the 
reagent so stable that its dissociation pressure approaches zero at 
the temper ature of the experiment, the residual gas may be 
considered as quite free from it, provided that excess of the 
absorbent were present, and that sufficient time were allowed for 
the reaction to become complete If, on the othei hand, as in 
the case of the absorption of carbon monoxide by cuprous chloride, 
an unstable compound is formed, it will be necessary to treat the 
mixtuie more than once with fresh quantities of the reagent, in 
order to completely remove the constituent which is undergomg 
absorption 
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‘When using liquid reagents a source of erioi piesents itself 
winch IS almost absent when solid reagents are used When a 
mixture of gases is bi ought into contact with any liquid the 
constituents are dissohed in propoition to then solubilities, and 
to then paitial piessures Similarly, gases already in solution in 
the liquid are given off in like piopoition When, therefoie, 
liquid reagents aie used, the change of volume of the gas may 
be greater or less than the volume of the constituent whicli the 
leagent is intended to absorb This souice of error may be 
eliminated by bringing the leagent in contact with a gas of smnlai 
composition to that which it is intended to analyse The enor 
would disappear if the same reagent were being used for a 
number of siimlai analyses, but would be inci eased if it were 
necessaiy to treat the gas repeatedly with fresh quantities of the 
reagent 

Sometimes the gas is exposed to the action of liquids oi 
solutions on the surface of porous substances such as coke balls 
This method may, howevei, lead to the intioductioii of traces of 
air 

The use of solid reagents, or of solid reagents in contact with 
a thin layer of liquid, leads undoubtedly to the most accurate 
lesults in the analyses of gaseous mixtures The number of 
solid reagents which can be used is, however, limited, and the 
operations involved aie as a rule more difficult to conduct 

Methods of 'inampul ation, appa'iatuSy etc — Unless a large 
number of analyses aie to be made, it is hardly worth while 
employing gas pipettes permanently filled with the reagents 
Tor occasional analyses the gas under examination may be treated 
with the various reagents contained in glass tubes over mercury 
A tube IS filled with mercuiy, and a small quantity of a liquid 
reagent is introduced into it by means of a glass pipette with a 
curved point The tube is then brought over the syphon of the 
measurmg burette, and the gas previously measured is allowed to 
bubble through the mercuiy and layer of the reagent, and to 
fill the top of the tube The measurmg buiette is then raised in 
its clamp so that the point of the syphon is clearly seen above 
the surface of the reagent in the tube, the reservoir of the 
burette is lowered, the tap is opened, and the gas is drawn out 
of the tube 

In order to avoid intioducing the reagent into the burette it 
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IS necessary to take gieat caie, when withdniwiiig the gas lioin 
the tube, that no liquid eiiteis the capillaiy syphon When luvuly 
all the gas has been diawn into the biuette the tap should be 
almost closed, to make it possible to check the flow at the 
nioinent that tine last trace has been diawii ovei The ])oint ot 
the burette should then be biought beneath tlie sin lace ol the 
mercury, eithei by lower mg the buiette oi by lit ting the tube, 
and mercury should be diawn into the capillary to tlxe iiducial 
mark 

It IS practically impossible to regulate the How ot gas into 
the buiette by adjusting the height of the meicuiy leseivoir It 
IS found fai more convenient to lower the leseivoir iully, and to 
regulate the flow of gas by means ot the stopcock Much time 
and tiouble may be saved by employing a second syphon buiette 
in separating the gas trom the reagents The gas is tiansfeired 
in a clean tube to the nieasuiing buiette, which is thus kept tree 
f 10111 the reagents 

In this way it is possible to treat gases with leageiits such 
as caustic soda, sulphuiic acid, ammoniacal cupious (diloiide, with 
other reagents which do not attack the meicuiy, oi even with 
turning sulphuric acid 

The Oettel gas pipette <iiid its modilications arc mote suited 
to the pill pose ot commeicial gas analysis, and have ])een iully 
desciibed by TIempel and others 

A convenient form ot gas pipette loi use with eithei solid or 
liquid leagents is shown in Fig 65 By 
means of a two-way millimetie-hoie stopcock 
the tube a may be placed in communication 
eithei with the interior of the pipette oi 
with the open thistle -head tunnel I The 
tube a can he directly connected with the 
measuring burette, or with a second burette, 
as already desciibed, by means of a piece of 
thick -walled rubber tube, and the pipette 
can be conveniently supported by means of a 
clamp 

The pipette is first filled with the reagent, 
or with the reagent over mercury, a small 
quantity of mercury is placed in the funnel 5 , and the tap is 
turned so that the mercury flows mto the tube a, expelling any 

G 
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trace of the reagent The pipette is then connected with the 
measuring burette, and the gas is allowed to flow into it and to 
stand in contact with the reagent lor as long a time as is 
necessary foi complete absorption , the liquid is paitially expelled 
into the open pait of the pipette The gas is then diawn back 
into the measuiuig burette, the liquid being allowed to use in the 
pipette till it just fills the passage in the plug of the stopcock 
The gas which remains in the connecting tubes is drawn into the 
burette by turning the stopcock so that a little of the ineicuiy in 
I flows into a 

In Older to expose a gieatei surface of liquid to the gas the 
pipette may be packed with vertical glass tubes 

If the pipette is used with a solid reagent in piescnce of 
water oi mercuiy, the solid is intioduced in sticks thiough the 
opening c The opening may be conveniently closed by a glass 
stopper of smallei diameter covered with a piece of lubber tube 
Ground stoppers often become fast and cannot be lemoved 
without breaking the pipette 

If the reagent is likely to deteriorate by contact with the 
air the opening in the second chambei may be closed by means 
of a rubbei balloon, and the chambei filled with hydrogen oi 
some inactive gas The gas expelled from the chambei by the 
using liquid passes into the balloon Eubbei balloons cannot be 
used in the case of fuming sulpliuiic acid or othei coziosive 

liquids 

Another foim of gas 
pipette (Tigs 6 b and 67) 
possesses the additional ad- 
vantage that the gas which 
enters it passes through the 
reagent and does not merely 
come into contact with its 
surface In this instrument, 
which may be used in con- 
nection with a gas buiette 
(Fig 67), or which may be 
^6 Fig 67 constructed so that it may 

be used independently (Fig 
66), the tube a is connected at will through the stopcock either 
with the top of the pipette, or with a tube I which reaches to 
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its lowei end The pipette must contain sulhcient mercury to 
covei the opening of h 

The gas is introduced into the pipette by placing d and I in 
communication, and adjusting the piessure so that the gas rises in 
bubbles through the reagent When the gas is expelled from 
the pipette, the stopcock is tinned m the opposite direction and 
the liquid allowed to rise till it hlls the passage m the tap, 
the connecting tubes aie cleared by means of meicuiy diawn up 
through 1) 


Jhso'iption of gases hg sokd 01 oeagents 

Oxygen — Bg 'potass%mi ogallatc — This method should 

not be employed it the residual gas is intended for spectroscopic 
examination, since small quantities of carbon monoxide are 
always evolved Hempel recommends that a solution of the 
following composition should be used — A solution containing 
o gm ot pyiogallol in 15 cc of water is mixed with 120 gm ot 
caustic potash dissolved in 80 cc of watei , the liquids should, it 
possible, be mixed 111 the pipette^ Stiongei solutions evolve 
carbon monoxide in presence ot oxygen 

By phosphonis ni the (old — A ])ipette (Fig 61) is filled with 
thin sticks of phosphoius and watci The gas is lun in and 
allowed to stand toi a tew minutes wlien tlie whole of the 
oxygen will be absorbed The pipette must be painted black on 
the outside, othei wise the phosphoius will become coated with the 
amorphous vaiiety owing to the action of light This is the safest 
method foi the absoiption of oxygen in the analysis of a gaseous 
mixture The piesence of hydrocaibons, sulphuretted hydrogen, 
etc , appeal to inter tere with the oxidation of the phosphorus 
By phobphoTiis mponi — Small quantities of gas may be 
conveniently tieated in the following manner — A small piece ot 
phosphorus is dried, rubbed between the fingeis below the surface 
of the mercury m a trough, and intioduced into a dry gas-tube 
previously filled with mercury The tube is then warmed, and the 
phosphorus which rises to the top melts and adheres to the glass 
The gas is next intioduced from the burette, and the phosphorus 
vapouiised by wanning the tube with a Bunsen burner, the 

^ Clo\\eb {B A Report, 1896, 747) tinds that a solution oi 10 grams of pyrogallol 
and 160 gms of caustic potash in 200 c c of watei gives practically no carbon 
monoxide 
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whole of the o\ygeii is immediately ahsoibed, <ind the wdtei is at 
the same time lemoved thioiigli the loimation ol phosphoious and 
phosphoiic acids II the gas contains much oxygen, only a lew 
cubic centimeties should be introduced befoic the jdiosphoius is 
again waimed, the lemaiiiing gas is then allowed to luu into the 
tube sufficiently slowly to prevent the combination lieconnng too 
violent This method cannot, of course, lie used il the g.ns 
contains Hg, CO, etc Care must be taken Unit tlu' ])oint of the 
S}phon of the burette does not come in contact with the melted 
phosphorus, oi it will become plugged 

Globules of yellow phosphorus foi tins purpose may be made 
by melting the solid below wuxtei in a test-tube, drawing it into 
a pipette, and allowing it to How in a stieam into a dc(3]) cylindci 
filled with cold water 

Metallic — Yon Jolly (IVudc'iiiian)is Annalerij N F, vi 

520), in his deteimmations of the composition ol an, used «i 
spiral of copper wire heated by means of an electiic euiient loi 
the absorption of the oxygen The method is not, howtwoi, easy 
to apply 

It a gas consists almost entnely of oxjgen, and contains a 
small residue which it is intended to examine spectroscopically, the 
oxygen is conveniently removed by heated coppei A haid glass 
tube closed at one end and filled with reduced coppei oxide is 
attached to the apparatus employed for the absorption of niti ogcn 
by calcium (Fig 70, p 102) The gas is introduced into the 
burette, allowed to flow into the heated tube, which is pievioiisly 
exhausted, and finally collected thiough the pump 

By metallic cojyjpci in contact with an alhalme soliiturn — - 
Hempel has shown that copper gauze in contact with a solution 
containing equal parts of ammonia solution (8«0), and water 
saturated with ammonium carbonate, absorbs oxygen with gicat 
rapidity The gauze is packed in lolls into a pipette (Fig 65) 
which is filled with the solution This method cannot bo used 
in piesence of carbon monoxide and acetylene, which aie also 
absorbed 

Ferrous and chromons hydrates have been used as absorbents 
for oxygen, but they appear to possess no particular advantages 
Hydrogen— No bquid absorbent is known by means of 
which hydrogen may be removed from a gaseous mixture Henipel 
states that hydrogen may be separated fiom a mixture of gases 



G VS ANALYSIS 


85 




by direct absorption by spongy palladium, obtained l)y heating its 
double cliloride 

Since, howevei, spongy palladium loses practiccdly the whole 
of its hycliogen at the ordmaiy temperatuie of tlie an when 
placed %% menu, it would seem impossible that this method 
could give accurate results Indeed, it was found that when an 
attempt was made to remote the hydiogen from helium only part 
of the gas was absorbed 

By lithimi — See p 1 Od 

By sodium oi — The absorption ofc hydiogen by 

sodium and potassium was investigated by Tioost and Hautefeuille 
(see p 42) Jaquelain attempted to apply the method to the 
separation of hydiogen fiom hydrocarbons, etc {An Oh Ph 
74 , 203 ) It is not, however, very satisfactory m its application 
CvuEON DIOXIDE — This gas may be lemoved fiom a mixture 
by absorption, by means of a solution of caustic potash, oi by 
means of solid potash placed in a burette for solid reagents 

Cation dionde in an — (A monograph on this subject by 
Letts and Llake, Dulhn Ilo7jal Soiiety, 1899, 1900, contains very 
full information ) The method usuall} employed tor the estima- 
tion of carbon dioxide in an consists m absoibmg the gas 
contained in a known volume of an l)y a standard solution ol 
barium hydroxide, and titrating the excess of alkali with oxalic 
acid This method, first rendered practical by Vetteukofei, has 
been modified by Winckler, Hesse, and others 

Since barium hydroxide attacks the glass vessels in which 
the operations are conducted, and in which the standard solution 
IS stored, they should be coated internally with a thin layer of 
paraffin wax This may easily be done by pouring the melted 
wax into the bottle which has previously been warmed, and 
allowing the excess of w<ix to drain out It might also be as 
well to coat the inside of tire pipettes which are used in the 
analysis , this, however, would involve the necessity of redeter- 
mining then volumes 

The following solutions are required — 

(a) A solution containing 5 6325 gm of pure crystallised 
oxalic acid in one litre of water, f cc of solution is equivalent 
to 1 cc of carbon dioxide 

(h) Stock baryta solution containing 1000 gin of barium 
hydrate, and 50 gm of liarium chloride in 5 litres of water 
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(g) Dilute baiyta solution obtained by adding 30 cc of the 
strong solution to 1 litie of watei These solutions should be 
kept m large bottles, and drawn off by iiieans of a syphon 
passing through the coik , air is admitted to the bottle thiough a 
tube containing soda lime 

(d) A solution containing 1 gm of phenol plithaliTn in 230 
cc of watei 

The stiength of the baryta solution is deteimmed by lunning 
mto a small flask fiom a burette nearly sufhcient oxalic acid 
solution to neutralise a known quantity (10 oi 25 cc)oi the 
baryta solution The baryta solution is then added fioin a 
pipette, phenol phthalein solution is added, and the ovalic acid is 
run in till the neutral point is reached It is, peihaps, more 
convenient to add the indicator diiectly to the baiyta solution in 
the bottle In this, and in all subsequent titrations, the i)henol 
phthalem should be added from a roughly giaduated pipette 
The amount of the indicator added should be pioportional to tlie 
quantity of solution used 

The caibon dioxide in an can be estimated by lunning a 
quantity of baryta solution fiom a pipette into a laige glass 
vessel of known capacity, waxed inside, and fitted with a giouiid 
glass or rubber stopper Aftei thoioughly shaking, the excess of 
baryta is titrated with oxalic acid 

This method is not very acciiiate, since when the stoppei is 
removed, fresh air, containing caibon dioxide, enteis by diffusion 
W Hun has modified the process m such a mannei as to eliminate 
this source of error 

Thick- walled Erlenmeyei flasks, vaiying in capacity from 
500 cc to 60 cc, aie fitted with two-hole rubber stoppers, the 
holes are closed by pieces of glass lod The capacities of each 
of the flasks, up to a mark on the neck to which the stoppei 
fits, should be determined A 10 cc pipette, and a buiette 
made sufficiently long below the tap to pass thiough the stoppeis 
of the conical flasks aie also requiied 

Air IS drawn through one of the flasks by means of a suction 

ows (p o5), and a quantity of baiyta solution is introduced 
y inserting the point of the pipette, filled with the solution, into 
one of the holes in the stopper of one of the flasks The glass 
rod IS shghtly withdrawn from the second hole to allow air to 
escape , it is then again inserted, the final drop of solution is 
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expelled fiom the pipette by closing tlie uppei end of it with the 
fiiigei and waiming it with the Ikiiid , the pipette is then with- 
diawn, and the second hole is plugged 

Alter thoroughly shaking, the point of the liurette, which 
eontams the oxalic acid solution, is nitioduced 111 the same 
manner, and the acid solution is luii m till the coloui dis- 
appears 

The difference between the titre of the haryta solution added, 
and the Quantity of oxalic acid solution used, give the volume of 
caibon dioxide 111 cubic centimetres The volume of the flask, 
less 1 0 c c , gives the volume of air used 

Carbon dioxide has also been determined giavimetncally by 
passing a large volume of an, dried b} passage through tubes 
containing sulphuric acid and pumice, thiough bulbs containing 
a solution of caustic potash 

Caubon monoxide — By ammomacal cupiovs <hloivh — The 
solution is piepaied as follows — 28 gins of copper oxide, dis- 
solved m about 500 cc of concentrated hydiochlonc acid, is 
allowed to stand in a flask filled with copper turnings till the 
solution has lost its coloui The solution is then pouied into 
an inveitcd hell-]ai tilled with watei , the cupious chloiide is 
allowed to settle, and the li({uid is lun oh b} diawing down the 
glass tube, which passes thiough the coik, to the level of the 
piecipitate The pieeipitate is washed with w^atei, lun into a 
500 cc flask with about >00 cc of watei, and ammonia passed 
into it till the piecipitate dissolves The an may be excluded 
by passing CO^ into the flask fiom a Kipp’s <ipparatus The 
solution is finall} made up to 500 cc with boiled watei 

Since the pioduct, which is probably a diiect compound of 
the type Cu^Cl^nCO, is veiy unstable {C ? , 1 899, 128 , 1 14), the 
gas must 1)6 tieated inoie than once with the ammomacal cuprous 
chloride solution to eliminate the whole of the caibon monoxide 
It IS usual to employ two pipettes, one of which contains a 
solution which has been used many times, the othei containing a 
fresh solution The solution must be protected fiom the air in 
the open limb of the pipette The pipette may be packed with 
copper gauze Ao%d ciopious chloiide does not seem to be such 
an efficient absoibent as the alkaline solution, and as it reacts 
with mercuiy it is difficult to manipulate 

It must be remembered that acetylene also combines with 
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arnmoniacal cupious chloride to loini the led compound 0u,0, 
this can, ho-wever, be immediately lecogiiised According to 
Hempel, ethylene is also veiy soluble in tins leagent 

The detection cmd esUmahon of small quantities of laihon 
monoxide m an {J Pliynul , 189 j, xyiii 461, An/ Ass Jleiooii, 
1895) Htcmoglohin, the colouring mattei ol blood, loims addition 
compounds both with oxygen and with caibon monoxide Both 
compounds dissociate easily, but the caibonic oxide deiivative is 
much the moie stable of the two In piesence ot both oxygen 
and caibon monoxide the licemoglobin distiibutes itself between 
the two gases, the latio between the amounts of oxyhcCinoglobin 
and caiboxyhaemoglobni being eq^uivalent to the latio ot the 
partial piessnres of the gases in the mixtuie, multiplied by a 
constant The percentage of oxygen in an, or othei gaseous 
mixtures, can easily be deteimined, and, if the value of the 
constant is laiown, the quantity of caibon monoxide can be 
calculated aftei finding the relation between the quantities of 
oxyhaemoglobin and carboxyha^moglobm m a solution of blood 
which has been in contact with the gas 

Taking advantage of the fact that a dilute solution of oxy- 
haemoglobin has a yellow coloui, while a solution of caiboxy- 
haemoglobin is pink, it is easy to determine, by a coloiimetric 
method, the proportions m which these substances aie piesent 
The following solutions are required — 

A 5 per cent solution of defibiinated ox blood The blood 
may be kept in a corked bottle, the solution must be piepaied 
fresh 

A solution of caimine One gram of carmine is mixed with 
a few drops of ammonia in a mortar, and dissolved in 100 cc 
of glyceiine Ten cubic centimeties, diluted to one litre with 
water, forms the standard solution 

The air to be examined is diawn through a flask of about 
200 cc capacity, fitted with a well-paraffined coik, through 
which pass two glass tubes, which can be closed by means ot 
rubber tubes and stoppers About 5 c c of the blood solution is 
drawn into a pipette, the point of which is introduced into one 
of the rubber tubes from which the stopper is removed, air being 
allowed to escape from the flask by loosening the second stoppef 
The pipette is then withdrawn, the opening closed, and the flask 
shaken very gently for about five minutes 
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The liquid IS then transfeiied to one ol thiee tCvSt- tubes of 
exactly the same diametei In anothei ot the test-tubes 5 c c 
of the original blood solution is placed, and in the thud tlie same 
quantity of the blood solution which has been satuiated with 
carbon monoxide by shaking with coal gas 

Standard cainime solution is now added fiom a buiette to 
the second test-tube, till the tint of the liquid is the same as 
that of the solution which has been saturated with carbon 
mono\ide, and to the h(|ui(l in the hist test tube till the same 
tint IS pioduced 

It ^ cc weie added m the hist case, and 7/ cc in the 
second, we have 

y 7 + T) 

X -- X 100 = S, 


wheie S is the peicentage satuiation of the blood shaken with 
an containing caibon monoxide 

Tlie quantities of carbon monoxide in the an may be 
calculated fiom the following table — 


(Jai 1)011 moiioMcU m n,ii 
0 015 pel cent 
0 04 


PuLUitii^L satin at K)ii 
10 
20 
K) 

40 

50 

60 

70 

80 

<)0 


The method gives faiily accinate lesults foi quantities of 
caiboii monoxide in an between 0 015 and 1 pei cent If 
gieatei quantities are piesent the gas must be diluted with air 
The only obvious soiuce of eiioi m the process might be 
due to the absoiption of the caibon monoxide by the leagent, 
and consequent decicase of its paitial piessure in the mixture 
The (piantity of the gas which is absoihed by the hccmoglobin is, 
liowevei, too small to come within the limits of expeiiment 

Di Haldane has also investigated the dissociation pressure of 
caihoxyhccmoglobm (J Tliyml xvin 453) 

Vogel {Bt'i 10 , 792 , 11 , 235) was the first to make use of 
the liccmoglobin method for the detection of carbon monoxide, 
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but he was unable to detect the gas in a mixtiue containing less 
than 0 25 per cent of it 

The 'i eduction of iodic anhydride by caibon monoxide has 
been employed by l^Ticloux (C r, 1898, 126, 746), and (lautiei 
{C ? , 1898, 126, 931) in estimating the quantity of it m an 
Hydrocarbons — Qualitative tests for hydiocarbons, etc 
(Philips, -47m Oh e/ 16, 255) — 


(i) Solutions of palladium chloiide are reduced by caibon 
monoxide, with formation of carbon dioxide , the latter is not 
formed in the case of olefines 

(n) Ammoniacal silvei nitiate gives a yellow precipitate with 
acetylene, but is not altered by olefines, caibon monoxide i educes 
it, producing metallic silver 

(ill) Platmum chloride yields carbon dioxide with caibon 
monoxide, but it is not immediately reduced to metal , ethylene 
produces no change 

Ethylene may be absorbed fiom a 
mixture of gases, either by fuming sulphuric 
acid or by bromine w^ater 

li fuming sidjpliu') ic acid is used, it should 
contain about 10 per cent of sulphur tn- 
oxide The acid should be contained in <i 
pipette for liquid leagents (Eig 65), and 
its exposed surface should be protected fi om 
the air while not in use After treatment 
with fuming sulphuric acid the gas must 
be passed into a pipette containing caustic 
potash, to absorb the acid fumes 

It must not be forgotten that fuming 
sulphur 1 C acid absorbs not only the ethylene 
hydrocarbons, but also acetylene, and the 
vapours of aiomatic hydiocaibons such as 
benzene 

Biomme watei is equally efficient as an 
absorbent for hydrocarbons of the ethylene 
senes, and does not absorb the vapours of 
the aromatic hydrocarbons to such an extent 
Fio 68 [J Since bromine reacts veiy rapidly with 
mercury, it is necessary to employ a 
speciaUy constructed pipette (Fig 68) The gas is drawn into the 
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pipette and the pressure is lowered till the mercuiy falls below 
the lower stopcock, which is then closed Excess of bromine 
water, or, if much ethylene is present, of biomine, is pouied into 
the cup connected with the upper stopcock, and run into the 
pipette , after shaking, potash is lun into the pipette, and tlie gas 
IS transfer! ed to a tube, and aftei wards to the measuiing buiette 

Acetylene (Piepaiation, seep 53) — Although acetylene can 
be directly absorbed by iuming sulphuric acid, or by biomine 
watei, it IS not usually convenient to use these reagents for its 
estimation, since they also take up ethylene, etc When alkaline 
solutions of certain mercuric, cuprous, or silver salts are shaken 
with acetylene, the whole of the gas is absorbed, and insoluble 
metallic acetylides are foimed The cuprous acetylide, Cu^C^^I-HgO, 
obtained by shaking acetylene with aminomacal cuprous chlo- 
ride, is a red compound, is somewhat explosive, appears to decom- 
pose in piesence of air and water, and is easily decomposed 
by hydiochlonc acid (see p 53) The silver acetylide is a 
yellow compound , it is too explosive to be handled with safety 
The meicuiic acetylide {Ch Soc J , 1894, 262), HgC^-^H^O, is 
white, it cannot be obtained puie by the action of acetylene on 
ammoniacal solution of the chloiide, cyanide, etc, l)ut is most 
easily obtained by the use of a leagent prepaied in the following 
niannei — 

Eieshly precipitated meicuiic oxide is washed free fioin 
potash, and tieated with ammonia (880) and solid ammonium 
carbonate in powder The solution is filtered, and may be kept 
ill a stoppeied bottle for use Tn oidei to absorb the acetylene 
a small quantity of the leagent is placed in a bottle furnished 
with a lubbei stopper, with a stopcock passing tlnough it The 
bottle is exhausted and attached by a rubber tube to the 
buiette containing the gas The gas is drawn directly into 
the bottle, and in order to cleai the leading tubes successive 
small quantities of an aie admitted into the burette After 
shaking thoroughly, the precipitated acetylide is filtered off, 
washed with ammonia solution, treated in a beakei with dilute 
ammonium sulphide, and weighed as sulphide 

Benzene and Higher Hydrocarbons — Berthelot’s method of 
absoibing the hydrocarbons, with bromine, and the benzene 

hydiocaibons with fuming nitric acid, is of no use, as the bromine 
attacks the benzene A method by which the benzene is esti- 
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mated as dmitio-benzene lias, howevei, been found to }'ield good 
results {Zeit Anouj Cli 1898) 

Bunsen passed the gas thiougli several tubes tilled with 
absolute alcohol in oidei to absoib the hydiocaibons The oil 
which separated when the alcohol was poiued into brine was 
collected and analjsed 

St Clan e-i)e\ die separated the hydiocaibons by passing tlie 
gas through a spiral cooled to — 2d°C The tempeiatuio is 
not, howeAei, low enough to condense the whole ot the vapoui 
A mi vtiiie of solid cai borne acid and ethei appeals to condense 
a veiy large cpiantity of vapoui out ot coal gas , liquid an give.s a 
siindar result The liquid consists mainly of benzene and watei, 
and it IS found that unless the tube through wlncli the gas 
enters the eondensei is made veiy wide, it becomes i)lugged 
almost diiectly 

CowBusnox OF GrASFb — 111 many cases the only possible 
method of analysing a gaseous mixture consists in determining 
the nature ot the changes which it undei^goes duiing coinbiistion 

The combustion ot the gas, mixed either with excess ot o\yg(‘n, 
ail, or hydiogen, is usually accomplished by exploding the mixtuie 
by means of an electric spark fiom an induction coil, oi by pass- 
ing it through a tube containing spongy palladium 

ComhfstKni ly eijilosion — The explosion pipette can be made 
conveniently of the same foini as the measuring pipette toi 
analysis at constant pressuie, but it should be of stoiitei glass, 
and should have two platinum wiies sealed into it close to the 
top The gas is introduced, and exploded by means ot a small 
coil, capable of giving a quaiter-inch spark, and a dip batteiy 
or small aceumulatoi cell The gas may be exploded under 
reduced pressure by loweiing the meicuiy reservoir, and to 
prevent accidents the apparatus may be covered with a cloth 
during the experiment 

Considerable errors may be introduced througli tlie com- 
bustion of the grease with which the stopcock is lubiicated , it 

IS therefore advisable to employ metapliosphonc acid foi tins 
pm pose 


By combustion of a gaseous 
obtain the following data 


mixtuie hy explosion 


1 The total contraction 

1 The carbon dioxide loimed hy the combustion 


we can 
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3 The total oxjgen used in the combustion 

4 The volume of nitiogen, aigoii, lieliiim, unnainiiig 

ovei 

IJndei ceitain conditions some ol the iiitiogeu onteis into 
combustion with the oxygen lUmsen found that in ])ics(nic(‘ ol 
excess of combustible gas nitiogen was oxidised with foiniation 
of mtious and nitiic acids When quantities ol oxyhydiogeii 
gas up to 64 volumes weie Iniined m presence ot 100 volumes 
of air, the quantity of nitiogen oxidised was practically negligible, 
but with highei piopoitions ol combustible gas the eiioi liecanic 
consideiahle It is, theiefoie, prefeialde to use an, oi an and 
oxygen, instead of pure oxjgen in the case of combustible gases 
which contain but a small piupoition of nitiogen 

On the other hand, theie is a dangei of intioducnig a con- 
sideiahle eiioi owing to incomplete combustion of the gas, eithei 
owing to theie being insutticicnt oxygen ])iesent, oi to too gieat 
dilution with incombustible gas This hist condition may, 
m the case of methane or ethylene, lead to the toimation ol 
caibon monoxide, but tins may easily be civoidcd liy taking caic 
that sufficient oxygen is added hefoie the explosion Tlie second 
difficulty may be overcome by adding sulhucnt electiol}tie gas to 
the mixtuie, the quantity need not be ciccuiately measuied as 
it does not appeal in the hnal calculation 

Limiting values of explosive mix tine of gases with an - 


Acetylene 
Ilydiogen 
Caxhoii monoxide 
Ethylene 
Methane 


^ pel tent 
5-72 „ 

I S » 75 „ 

4-22 „ 

5 - 13 „ 


TIydbogen — T his gas maybe directly estimated lu absence 
of carbon monoxide, hydrocarbons, etc , by exploding it with rather 
more than half its volume of oxygen If much inactive gas is 
present it is necessaiy eithei to add electrolytic gas, to pass the 
gas over palladium, oi to pass the spark through it for some 
minutes , in the latter case the oxygen may entei into combina- 
tion with some of the nitrogen which is present The eiror due 
to incomplete combustion is small, and for electiolytic gas is not 
gi eater than 0001 of the whole Since, however, the volume 
relation of oxygen to hydrogen in electiolytic gas is probably 
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1 to 2 OOo an erioi of one part in a thousand is mcuiied by 
considering it to be 1 to 2 

Gaebon monoxide — Since the volume of carbon dioxide pio- 
duced by the combustion of carbon monoxide is equal to the 
original volume of the gas, it is in absence of hydiocarboiis easy 
to determine the quantity of carbon monoxide present 

Even in presence of excess of oxygen the combustion is nevei 
quite complete, a small trace of the gas is alwa}s left uncoinbined 
and, if it IS intended to examine the residue spectroscopically, it 
should be sparked (p 104) before the oxygen is absorbed The 
quantity of carbon monoxide left uncombined is too small to 
affect the analysis 

Carbon monoxide and Hydrogen— From the data obtained 
by exploding the gas with oxygen the quantity of these cases may 
be calculated in absence of hydiocaibons 

Vol of hydrogen = § (total contraction-} vol of caibon dioxide foimed) 

Paraeein Hydrocarbons — The following equations repiesent 
the changes which take place when the paraffin hydiocaibons aie 
burnt with oxygen — 

CH^ +2O2 =002 +2H,0 Contraction 

2 vols + 4 vols = 2 vols + (4 voh ) 4 volb 

2C2H,+ 702 =400, +6H,0 

4 vols + 7 vols =8 vols +(12‘'vols ) 3 vols 

Gnff2W-f2 ~ nCO, 

2 vols = 2n vols 


From these lesults it is clear that it would he possible to 
determine the nature of the hydrocarbon, provided that no 
iiydrogen or carbon monoxide were present 

In most cases it can he assumed that the paraffin hydrocarbon 
present is entirely methane From the first equation the volume 
of carbon dioxide formed should he equal to the volume of the 
methane, and consequently, to half the total contraction or to 
twice the quantity of oxygen consumed If this is not the case 
other combustible gases must be present If the quantity of 
oxygen consumed is too great, by diogen must he present /the 
formation of too much carbon dioxide mdicates the presence ol 
carbon monoxide or higher hydrocarbons 
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Hydiocarbons may be separated by fractional distillation 
(Ch XVI ) 

HydeoCtEN and Methane — The quantity of hydiogen and 
methane, in absence of higher hydrocarbons, olefines, or carbon 
monoxide, can be estimated by diiect explosion with oxygen 

Vol of caibon dioxide = vol of methane 
Vol of hydrogen = I (total contiaction- 2 volb of methane) 

Hydrogen, Carbon ^monoxide, and Methane — The quantities 
of these three gases present in a mixture is sometimes detei- 
mined by calculation fiom data obtained from combustion of the 
mixture with oxygen The process involves the use of three 
simultaneous equations, and unless the co-efficients (the actual 
observed results) are obtained with veiy great accuracy the results 
aie practically valueless 
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THE COMPOSITION OP ATMOSPHERIC AIR 

The filst quantitative experiments on the composition of an wore 
made by Piiestley, who made use of the reaction between nitric 
oxide and oxygen, first observed by Mayow, nr order to deter- 
mine the “ goodness ” of atmospheric dll He did not, however, 
obtain very good results by this method, but he succeeded in 
showing by experiments on living mice, that dephlogisticated an 
(oxygen) was capable of supporting life four or five times as well 
as ordinary air 

His contemporary Scheele, about the yeai 1775, showed 
that about 6 parts out of 20 parts of air were capable ol lieiiig 
absorbed by hver of sulphur Eavoisier, by heating nreicuiy in 
an, obtained results which varied between 20 and 25 per cciit of 
oxygen 

The first accurate experiments were made by Cavendish in 
the year 1781 He employed the method suggested by Volta of 
exploding the air with hydrogen, and obtained as the mean of 
several determmations the number 20 85 The result is woithy 
of this admirable experimentalist 

Dalton, who may be said to have partly based his atomic 
theory on his observations with regard to the action of nitric 
oxide on air, obtamed results which are far from accurate, langino 
between 19 8 and 211 per cent of oxygen 

In 1804 Gay-Lussac analysed a large number of samples of 
air brought from different parts of the world by von Humboldt 
The results, which vary between 211 and 20 9 per cent of 
oxygen, show that the composition of air is practically constant all 
over the earth’s surface Heither the results of Gay-Lussac, of 
Davy, nor of Bunsen exceed in accuracy those of Cavendish 
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hi lecent yeais caiefiil analyses have been made by Kiemslei, 
Moiley, Hempel, Oettel, and otheis, to deteimiiie within what 
limits the quantity of oxygen in the an may vaiy The methods 
employed aie desciibed in HempeTs book on gas analysis , the 
lesults of analyses of the an of Munich aie biiefly as follows — 

Kreuslei, Oct 27, 10 expeiiments, 20 906 per cent ol ovygen 
, „ 18, 6 , 20 916 

„ Tulv 25,10 „ 20 912 „ 

Oettel Apiil 5, 4 „ 20 938 „ ,, 

Von Joly found that the composition of the an of Mimicli vaiied 
with the diiection of the wind, and Lewy {C i , 31 , 725 , 33 , 145 , 
34 , 5) found that the an neai the Ganges swamps contained 
only 20 4 per cent of oxygen 

Leduc {An de Oh, 1898, 18) has employed a giavimetiic 
method foi the analysis of air Several sticks of phosplioiiis 
weie iiitioduced into a glass globe, which was then exhausted and 
weighed Diy air was then admitted, the globe was weighed, 
and, after allowing sufficient time for the complete absorption of 
the oxygen, it was exhausted and weighed again The lesults 
indicate that the quantity of oxygen in the an vanes accoiding to 
locality, distance fiom the soil, etc, over about 0 1 pei cent 

It appeals that the an in wells and quaiiies in liniestuue 
districts vanes coiisideialdy with mteinal atmospheiic conditions 
It IS piobable that with a using baionietei the an is fuiced into 
the poious locks, oxidising caibonaccous mattei and taking up 
caibon dioxide horn hicaihoiiates When the juessuie falls the 
<iu escapes chaiged with caibon dioxide, and since the late of 
diffusion of the lattei is consideiahly lowei than that of an, it 
remains in the lowei stiata, and finds its way in eonsideiable 
quantity into mines and quarnes 

The quantity of caibon dioxide in air vanes between 3 
paits pel 10,000 over the open sea to 3 paits pei 1000 m a 
ciowded loom Ammonia is piesent to the extent of less than 
1 part per 10,000 ^laits of an Gautier has shown that 
hydiogen is piesent in the air of Pans The constituents of 
atmospheric nitrogen will be discussed later 

Though the composition of air does not, under favouiable 
conditions, vary between very wide limits, it is obvious that it 
should not be used as the &tandaid for compaiative physical 

II 
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measmemeiits when any high degiee of accuiacy is desiied It 
appeals, however, that the quantity of the inactive gases in 
atmospheric nitrogen remains constant , and as tins gas is veiy 
easily obtained, it might well be emi)loyed as an eiiipiiical 
standard 
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THE GASES OF THE HELIUM GROUP 


The discovuy ot xigori — Methods of obhiming Aigoii — ScpAiation of the inactive 
gases tioin intiogcn, etc — Piepaiatioii of aigoii lu laige <iuantit} — Helium — 
The 1 lie gases 

Tiih (libco\eiy ot aigoii in 1894 by Loid Eayleigh and Piofessor 
liamsciy, in indicdting the probable existence ot a class ot elementary 
substances appaiently devoid ot chemical piopeitieS; opened up an 
entirely new held ot investigation The liistoiy ot the discoveiy 
ot argon has been detailed by Piotessoi Eainsay in his well-known 
woik The Gases of the ^itmospheu , and it is only necessaiy to 
lecall heie the leseaiches on which the discoveiy was liased 

In 17<S“) ('<wondish liad shown that wlien spaiks trom an 
electiical machine woie passed thioiigh an contained ovei mercury 
in an mvcited U-tiihe lu pioscnce ot potash, nitie was pioduced 
If, when no fuithci eontr<iction took place in the volume of the 
gas, moie dephlogisticated air (oxygen) were added and the 
sparking continued, theie still leinained, aftei absoiption of the 
oxygen with hvei ot sulphiii, a small q[uantity ot gas The 
volume ot this gas, which was of the volume ol the au taken, 
did not dimmish on fiuther sparking with oxygen 

Cavendish’s expeimient appears to have been entirely over- 
looked, but m 1894 Lord Eayleigh ’s discovery that the density 
of atmospheric nitrogen was about halt of one per cent higher 
than that ol intiogen trom cheimcal sources, gave fresh indication 
of the existence in air of some hitherto undiscovered gas The 
investigation of the cause of this anomaly earned out conjointly 
with Professoi Eamsay led to the discovery ot argon 

It had long been known that when metallic magnesium was 
burnt m an it enteied into combination with the nitrogen as 
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well as witli the oxygen, forming a nn\tnie ot the oxide and 
HI tilde 

4Mg + 3N, = 2Mg^N3 

This prmciple was first applied by liainstiy and Ihiyleigh to 
the prepaiation of aigon (Fhil Toans, 1895, 1<S7), and although 
the process which they employed is no longei in use it is of con- 
sideiahle historical interest 

Atmospheric mtiogen, obtained by drawing air ovei led-hot 
copper, was passed through a hard glass tube, filled with inagnesinm 
shavings and heated in a combustion furnace , the lesidual gas 
was collected over water iii a gasholdei The pi ogress ot the 
reaction was easily followed by watching the glow in the tulie 
caused by the combustion of the magnesium When the magnesium 
was exhausted the gas in the tube was earned over into the gas- 
holder, which now contained nitrogen iich in aigon, by a more 
rapid current of nitrogen The nitrogen was passed backwards 
and forwards over iiiagnesmin till it was reduced to <rbout one- 
fortieth ot its original bulk 

In order to remove the remaining traces of mtiogen, hydrogen, 
etc, from the aigon, it was circulated for some hours through tubes 
contarning red-hot magnesium and coppei oxide, soda-lime and 
pentoxide of phosphorus The apparatus employed is shown m 
Fig 09 

The gas was contained over mercury in a reservoir A, with two 
outlets, one at the top and one at the side some little distance 
from It The tubes C and B were of hard glass, and contaiiKHl 
respectively magnesium turnings and coppei oxide partially 
reduced, the tubes were heated to a dull red heat in small 
tube -furnaces The tubes D and E contained soda -lime and 
pentoxide of phosphorus, the latter served to absorb water 
vapour, winch would otherwise have reacted with the magnesium, 
producing hydrogen The gas was made to pass in a eontimrous 
stream through the tube and reservoir by means of the apparatus 
shown on the right-hand of the figure, and first described by 
Prof K Collie {Ohem Soe 1889, 110) Mercury from the 
reservoir G fell in drops down the capillary tube H into 
the chamber X, causing a continuous curient of the gas to 
ilow in the same direction The mercury escaped from K 
through the Up L, which was so regulated that it flowed in a 
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steady stieam into the vessel M, which was connected hy a 
capillary tube N" with the tube (), which was partially ininieised 
in the meiciiiy in the reservoir (5, and was connected with a 
watei-punip through P A piece ot rusty non wire, twisted and 
inserted m the lower opening of the capillaiy tube, prevented the 
inercuiy flowing out oi K fiom completely closing it, so that <is 
soon as the mercury came into contact with the upper lip ot the 
opening it was carried by the an in a shower ot minute pellcds 
through the capillary tube into the leseivoii G This process 



would go on continuoubly tor liours without any attention, so 
long as the non wire was properly adjusted and the flow of 
the mercury carefully regulated at the commencement of the 
expel linen t 

In Older to remove the air originally contained in the tubes, 
and to recover the argon lemaimiig in them at the end of the 
expeiiment, the apparatus was connected with a ineicury-pump 
through the tube 11 Before exhausting the apparatus all stop- 
cocks were closed, the tubes containing the magnesium and 
copper oxide were then heated, and the exhaustion wxis continued 



102 


EXPERIMENTAL STUDY OF GASES 


CHAP 


until the magnesium ceased to give off gas The stopcock con- 
nected with the pump was then closed, and the stopcock connected 
with the top ot the leservoir was turned so as to admit gas 
to the appaiatus, any tiace of meiciiry cont<iined in the tube 
was caught in the bulb T The second stopcock was then 
opened, the level ot the mercuiy was adjusted, and the cncula- 
tion was allowed to pioceed It was only necessaiy to leadjust 
the level of the mercury in the reseivoir, oi to iiitioduce moie 
gas into it from time to time duiing the coiiise of the expeiimeiii 

Since the tube containing the magnesium almost iiuaiiably 
cracked on cooling, it Avas necessary to remove the gas lioni it 
by closing all the stopcocks and exhausting the a])p<uatus by 
means of the pump 

Absorption of hTmiOGEN by means op Calcium — M<icc[ueiine 
has shown that when piiie lime is lieated with magnesium dust 
calcium IS produced, and that this metal al)soibs nitiogen with 
great rapidity Absoiption of the mtiogen by calcium has com- 
pletely replaced the method of ciiculation ovei magnesium as a- 
piocess for the preparation of small quantities ol aigon tiom 
atmospheric nitrogen, and foi puiifying the inactive gases 
generally 

Precipitated chalk is heated on a plate m a iimflle luinace 
for some hours, and is then sciaped into a basin and allowed to 
cool in a desiccatoi The lime so obtained is thoroughly mixed 
with about three-fifths of its weight of magnesium dust by shak- 
ing in a stoppeied bottle The lime must he qintc jice fiom 
laihonate o? hychatc, and the inixtuie must be kept very div, 



Fig 70 


otheiwise a serious explo- 
sion may occur when it is 
heated 

A quantity of the 
mixture is confined between 
plugs of glass wool in a 
Laid glass tube, wdiieli is 
drawn out at the ends so 
that it can be connected 
by means of lubbei junc- 


tions with the two gas- 
holders in the appaiatus shown in Fig >70 The gas to be tieated 
IS contained in the gasholder A, and if the quantity of inactive gas 
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IS likely to be small tlie second gaslioldei may be dispensed with, 
and the gas taken diiectly into the pump thioiigh the stopcock C 

The tube is heated to a dull led heat in a tube fiunace so 
long as any quantity of gas can be lemoved The evolution of 
gas, which consists of hydrogen and carbon monoxide, nevei 
entirely ceases, but it is easy to lemove tiaces of these gases by 
passing the gas over heated copper oxide, oi better, by spaiking 
it loi a short time with oxygen Jlefoie admitting the gas iiom 
the leservoir A the tap C must be closed, the flo\\ of the gas 
must be carefully regulated, as the heat geneiated by the com- 
bustion of the calcium is consideiable, and there is some danger 
of melting the tube After a shoit time alisorption may cease 
on account of the tube becoming tilled with inactive gas The 
gas may then be allowed to flow into the gasholder B, or the 
stopcock leading into A may be closed and the gas removed 
through the pump In the latter case the gas in the tube should 
be allowed to lemain in contact with the calcium for a shoit time 
befoie the stopcock C is opened 

A single passage of the gas ovei the heated calcium is 
sufficient loi the complete absoiptioii of the nitiogen, and the gas 
may be completely puiihed by spaiking foi about hve minutes 
with oxygen In this way it is possible to demonstiate on the 
lectuie table as a quantitative expeument the piepaiation of aigon 
fioni an 

Absorption of Nitrogen by LmriuM - -(hint/ ((7 o , 1896, 
123, 995) has shown that litlnum <ibsoibs lutiogeii lapidly even 
at ordmaiy tem])eiatines Since, however, the metal attacks 
glass lapidly below a led he<it the ap])heation of the method is 
attended with consideiable difficulty 

SpaiuvTNG with Owgbn — The discoveries of Piiestley and 
(Vxvendish have alieady hoeii lefened to, and it lemains to 
desciibe the piactical application of their methods as a means 
of piuifying the inactive gases In their oiiginal investigation 
of atmospheiic an Piofessoi Itamsayaiid Loid Rayleigh employed 
,i modification of (^avendish’s method as a means of obtaining 
argon, and latoi Loid Rayleigh obtained about two litres of 
aigon by the same method In order to save time, howevei, it 
IS usual to pass the gas ovei heated calcium, and to employ the 
method of spaikmg only as a means of removing the last traces 
of the active gases 
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It IS inconvenient to treat more than about 40 cc oi gas at 
a time, unless much nitrogen is piesent About that (jiiantity 

of gas IS mivecl with about 10 (' c ot 
oxygen in a tube capable ot holding 
80 cc The points between which 
the sparks aie passed aie ol stout 
platinum wiie fused (Fig 71) thiough 
the ends of glass tubes which aie 
about 5 mm in diamctei, and aie 
bent into a close U, so that the longei 
limb remains open The open limbs 
ht tightly through holes boied in a 
cork, which keeps them in place The 
tubes are filled with meicuiy, which 
selves to conduct the cniicnt to the 
platinum points 

On account ot the intciiuittent 
natuie of the dischaige lioiu an 
induction coil, working with a constant 
current m the primaiy ciicuit, one of 
the points becomes veiy hot, while the 
other leniams compaiatively cool Foi 
this reason one ot the wires is made 
about thiee times the length of the 
othei, and is [bent as in the figure , 
this point IS always made the cathode 
The spark points aie introduced into the tube containing the 
gas while it is standing in a nieiciuy tiough (Fig 2 8) , the tube 
IS held in a screw clamp, and the glass tubes winch hold the 
points are attached to it by a tniii of wiie so that rhe points 
themselves he near the top of the tube A small quantity ol 
potash IS introduced into the tube through a curved pipette, and 
the connections made with the terminals of the coil 

An Apps induction coil, giving with loiii secondaiy cells a 
six-mch spark through aii, gives veiy satisfactory lesiilts When, 
however, it is available the alteinatmg ciuient may he used with 
effect The leads from the mam aie connected with the piimaiy 
ternunals of the coil thiongli an iron wire resistance, so that tlie 
current is reduced to about o ampeies The contact bieakei is 
then screwed back against the adjustable sciew so as to place it 
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out ot action When woiLing, the coil emits the well-known 
“ tiansfoimei hum,” and the lesult is to pioduce a veiy hot ilaine 
between the spark points Since in this case theie is no polaiity 
in the nature of the secondaiy dischaige hotli teiminals become 
e(iually heated 

The sparking is usually continued foi thiee oi loui houis 
aftei contiaction has ce<ised, and, it necessaiy, nioie oxygen ina} 
be added to the gas as occasion demands At the end ot the 
opeiation the spaik points aie lemoved, the gas sepaiated fiom 
the potash (p 80), and the oxygen absoihcd by means ot phos- 
phoius (p 84) 

Lord Rayleigh (6% Jou) , 1807, 181) has desciibed a 
piocess toi the pieparation ot aigon on a Luge scale by spaiking 
atmospheiie air with oxygen 

Production of Argon on a large scali^ - In the early part oi 
1 80 8 Piotessoi Ramsay and the authoi undeitook the prepaiation 
ot 15 hties ot aigon in oidei to investigate the homogeneity ot 
that gas The tollowing account of the process employed is 
quoted dll octly tiom P i oi ccth ikjs of the lloijal SocictijiyeA Ixiv 

1898, 18 0 

In 01 del to piepare 15 lities ot aigon it is necessaiy to 
(leal with about 1 500 lities ot atmospheiie an, ol which 
appioxmiately 1200 lities consist ot a mixtuie ot nitiogen and 
aigon To alisoib the nitiogen contained in this (piantity ot 
gas by conveisioii into nitiide, 4 kilogiams ol magnesium would 
bo ie([iuied tlieoietically, but ni oidei to covei loss thioiigh 
leakage and incomplete action, 5 kilogiams ot the metal weie 
employed The alisoiption ot the oxygen and nitrogen was 
conducted in thiee stages In the hist, the oxygen was lemoved 
by means of metallic coppei , in the second, the nitiogen was 
passed twice ovei metallic magnesium , and in the thud, the 
gas, now rich in aigon, was finally tieed fioin nitrogen and 
hydrogen by passage ovei a mix tine of anhydrous lime and 
maguesium powder heated to a led heat, and subsequently over 
red-hot coppei oxide The apparatus employed is shown in 
detail in tlie annexed hguie (Tig 72) 

It was, of couise, necessary to conhne the gas ovei water 
between the successive stages of puiihcation, and finally to store 
the gaseous argon in the same way On account of the consider- 
able solubility of argon in watei, this would have entailed no 
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small loss if the quantity of water with which it had been 
brought into contact had been laige We consecjuently decided 
to make use of gasholdeis oi the gasometei type, m which tlie 
water was contained in an annulai space ol; small capacit} 
Balance weights \-veie attached to coids passing ovei pulleys, <ind 
seived to relieve the pi assure on the gas due to the weight of tlu^ 
gasometer As the volume of the gas deci eased aftei eacdi 
successive stage, the foiii gasholdeis employed weie of different 
sizes the capacity of A was about 180 hties that of !>, 27 
litres , and of C and 1), each 18 litres 

Atniosplieiic nitrogen was obtained by drawing an, fieed 
from caibon dioxide by passage through caustic soda solution, 
ovei heated metallic coppei A laige non tube F, 3 feet b inches 
long and 3 5 inches in diameter, containing 25 lbs of sciap 
copper, was connected with the gasholder A , the tube was 
heated in a long fire-biick trough during these expeiiments, but 
a gas-furnace, which is shown in the hgiue, has now been 
substituted for the more primitive aiiangement 

The time required to fill the gasholdei was usually about 
five liouis, and it was found, on anaksis of the gas, that one 
single operation sufficed for the complete removal of all oxygen 
The oxidised coppei was reduced between each operation by 
means of coal-aas 

By closing the stopcock h, and opening the stO])Cock a, 
the gasholdei A could be placed in comniiinicatioii with the 
appaiatus in \ihich the preliminary ahsoiptioii of nitrogen took 
place By placing weights on the top of the gasholder the 
nitiogen was driven thiough the vessel M and the U-tiihe JM', 
both of which contained strong sulphiiiic acid, into the tube Cr, 
which contained magnesium This tube was a piece of steam- 
ban el, 1 5 inches m diainetei, connected at each end by <i 
reducing socket with an iron tube, 0 2h inch m diametei The 
tube contained 250 grams of magnesium, cut into eoaise 
shavings m a shaping machine , the magnesium was not pressed 
tightly into the tube Since aftei each opeiation it was 
neeessaiy to lemove the sockets m order to cleai the tube, the 
joints were luted with red lead, and the tube was made of 

buacient length to project about 3 inches at each end of the 
furnace 

The gieater part of the nitiide 


was geneicilly lemoved by 
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using an non lod, and tlie lemaindei by means of watei, wliicli 
conveited it into the liydioxide The tube was laised to a 
blight led heat befoie connecting it with the U-tube 0, in order 
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the magnesium was com ei ted into nitiide , the \olunie oF tlie 
gas absoibed was equivalent to hall the capacity ot the laige 
gasholclei 

The gas, altei leaving the U-tube 0, passed thiough a secoiul 
iron tube H containing coppei oxide , next, thiough the vessel 
P, ill which watei condensed , and it hnally collected in the 
gasometei B That which passed duiing tlie hist stages of tlie 
process consisted of nitiogen containing iniicli <ugon , lint towaids 
the end of the operation the aigon became inncli diluted, until 
finally the gas which passed thiough the U-tiibe () C()nsisl(*(l 
almost entirely of atmospheric nitiogen The tube Cx was tlum 
replaced by another containing a fiesh sup])ly of niagnesiiiiu 

The tap e was then closed, and the taps d and c tinned, so 
that the gas in the gasometei B could be made to ilow tliiongli 
the niagnesium and coppei oxide tubes into the gasometei 
In this process its volume was ^er} much reduced, and the gas 
winch collected in probably contained as much as 25 pei cent 
ot argon When the whole of the gas had been expelled iioni 15, 
the taps rl and e were again turned, and atmospheiic nitiogen 
was allowed to flow thiough the niagnesium tube, as in the fust 
stage of this opeiation 


When the gasometer C had become full of the nnxtiue ot 
nitiogen and aigon, as it did at the end of eveiy tliiid oi fointh 
opeiation, it became necessary to leduce its volume by fuithei 
absorption of nitiogen The method employed, which was lust 
described by Maquenne,^ consisted m passing the gas thiough a 
hard glass tube containing a nnxtiue of magnesium powdei and 
lime, heated to a dull red heat m a combustion fmnace The 
hme was obtained by thoroughly calcining precipitated cdialk in 
a muffle The nitrogen continued to be completely absoibed as 
long as calcium remained unattacked, so that the product of tins 
operation consisted of piue aigon The gas issuing from the 
calcium tube passed through a tube S, containing soda-lime, and 
ovei copper oxide m the tube L, on its way to the gasometei I) 
Since at the end of the operation the system of tubes lietween 
the gasholders C and D contained argon, in oidei to avoid loss, 
the circuit was placed m comininiication with a Toplei piimn T 

andTw.f ^ stopcock A The space between the stopcocks / 
nd/ was exhausted at the commencement of the operation, the 

^ Comp teiul , 1895, 121, 1147 
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(‘xlhuistaoii cotitimiod till the <>U‘<itei pait ol tlic liydiogen, 

\vlu(*h IS <ilwa}S c‘\()l\(‘d wlu^n a luixtuie of inaguesiuiu tiiid lime 
1 ^ heatcnl, had hecai given oil 

Wlien It was iu‘eess,uy to siuspeud ojieiatioiiR, tlu‘ taps I and 
/ W(ai‘ tloHi'd, the tap k w<is opened, and the <ugou was taken 
into th(‘ pump and dt^liveied into tlu‘ xessel V which eovcied 
the iiptuiiu‘d (Old oi th(‘ eapilLiiy tube ot the pump Fioni V 
tbe aigon (*ould \)o diawn into the small g<isholdei E, which 
< on tamed meieuiy, <md which (ould also Ik‘ placed m connmiin- 
(ution with ilie svslcmi tliiough wducli the gas ])assed on its way 
lioiu ( ' to I) 

Tlu‘st‘ o])t‘iations wane lepeated until the gasholdei I) con- 
taiiunl td)oiit lo lituss of aigon 

liiliHui —In l(S8h Hildelirand ohseived that when ccitam 
uiMnmm-eonhiining niiiunals weic boiled with suliihuiu' acid a 
(piantitv oi gas was evolvcal (liidl US (icolor/uid Sui'iei/, 78, 83) 
The gas was suppostal to b(^ nitiogen, as its speidiuni showed 
tlu‘ ehana t(‘i istu‘ tinting, and, eonseipiently, it was not luitliei 
mvestigattal 

Knily in hSOo, about thu‘e months altci the publication of 
tlu* thseovenv of <ugon, Mi kluns ol the Ihitish Musenun called 
Piol Ramsay’s attiuition to llildi^hnnurs liaiun, suggesting that 
tlu‘ gas might piovt‘ to (*ont<iin a.igon A sjuanmen ol elevite 
wais olitauusl <ind he<d;(‘d with dihil(‘ sulplunu'. a('id in vamo, 
11k‘ HpiH'tium of th(‘ gas was found to Cimtain the line l)j(\ = 
aiS7()), ohsinvisl 1)} <Iaussen in 18()8, aiul attiihutiHl liy Lockyei 
to a soldi (‘kmunit ol low diaisity to which tin* lattei gave the name 
ludiuni This mum' w<is udtuned loi tlu' m^wly discoveitHl gas^ 

Th(‘ nu'thod ol lusiting tlu* ludium-j adding minei<ds with 
diluU‘ sul])hune mad in oid(n to obtain the gas is [ound in 
puictie(‘ to be veiy inconvumunit, unksss a huge quantity of the 
miiuual IS to bt‘ tusiUsl Tlie mineial must be giound to a veiy 
Inu* powdei, and it is necessaiy to continue tin* opeiation foi 
sevmal days in oukn to (‘ompletely decomjiose it, and so obtain 
the whok‘ of tlu* lu*lium It was suhseipumtly lound that a 
(fuantity ol tlu* gas was evolved liy the action ot heat alone, the 
evolution (Hunnumemg hut slowly at about 200", and taking 

' A lull of ilit‘ piopoitios ol liohum will be (ouiid 111 a papei by Ibol W” 

lUinsay ( in Ch vt(l< Fh , 1<S98, sones vii 13 ) A hsi ol the most impoitaui papeis 
dcaliDg with this gas is appiuided 
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place rapidly at a blight red heat It is inteiestiiig to note that 
almost exactly half the helium contained in the iiiineial is evolved 
by the action of heat alone {Fioc Boy Soc, Dcceinbei 1 8-98), and 
further, that in some cases the evolution ot the gas appeals to be 
accompanied by a considerable evolution ot heat (B} 0 ( Boy So( , 
January 1898) These facts have been taken to indicate that 
the helium exists in the minerals, from which it is evolved by 
the action of heat, in a state of combination On heating the 
minerals %n mcuo the gas appeared to be evolved lapidly dt hist, 
particularly in the case of enclotliei mic minerals, then inoie slowl}, 
and finally appeared to cease altogethei 

It is probable that the helium is associated in the mineral 
with a small quantity of argon and perhaps with d tiace of 
nitiogen In one case only has helium obtained diiectly fiom 
mineials been found to have a density less than 2 18 Langlet 
(Zeit An CJiem, 10 , 1895, S19) obtained a sample of density 
2 00 by fusing the mineral clevite with acid potassium sulphtite , 
but the gas probably contained hydiogen as it was pun tied by 
passage at low piessiioe over heated copper oxide A separation 
of pure helium, density 198, from the gas obtained by the action 
of heat on mmerals can be accomplished by the method of 
fractional diffusion, p 289 (Proc Boy Soc, 60 , 206), and by 
other methods which will be described latei 

A number of minerals have been found to yield helium m 
considerable quantity (Chem Sot , 1895, 685 , Pwc Boy Soc, 
1898, 64 , 131) The following figures indicate the quantities of 
the gas obtained, and as clevite can be obtained at about £1 
pei kilo the cost is not excessive — 


, Mmeml 

Locality 

Composition 

Helium 111 c c pn grim of inmtuU 


By action of h( it 

Sulphutic at 1(1 

j Citi\ite 

Sv\ edeii 

Glides of uranium 

1 487 

3 201 

j 1 


and lead, with 
' oxides of laie 



j Fergxisoiiite 

1 

” 

1 eaiths 

Niobate of yttiium 
and cerium 

1 041 

About 2 c ( , but 
veiy diflicult to 

! — 





decompose 


_(a) By the action of heat upon 
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The mineral is reduced to powder iii an iron nioitai and 
passed thiougli a sieve The appaiatus employed is shown in 
Fig 

The powdered mineial is placed m the tube a, which is 
either of hard glass or iron If a glass tube is used it is 
diawn out at the end and connected with the rest ot the 
appaiatus by a rubber junction (p 19 ), but it the tube is 
ol non the end is closed by a iiibber stoppei suirounded by 
a short watei -jacket The ap- 
paiatus IS connected with a 
meiciiiy-pump through the stop- 
cock (I and with the reservoir/ 
the flask e contains sticks ol 
solid potasli to absorb water, 
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cai])on dioMcle, and compounds 
of sulphui, and the syphon 
manometei c serves to Liidicate 
the pressure in the appaiatus 
Foi the piepaiation ot large 
quantities ot helium the leservoii 
/ contains boiled potash solution, 
and when working with small 
cpiautities of the miiieial a layei of potash is intioduced above 
the Tueieuiy m / 

After thoroughly exhausting the appaiatus the mineral is 
slowly heated, and as soon as the pressure in the apparatus 
becomes equal to the atmospheiic pressure connection is made 
with the reservoir / The evolution ot gas usually continues 
for some hours, and, indeed, although it at length becomes very 
slow it appears never to cease altogether At the end of the 
operation the stopcock on the reservoir is closed, and the gas 
contained in the apparatus is removed through the pump 


I I 2 EXPERIMENTAL STUDY OF GASES UhW 

For the preparation ot very small c|uantitios of lieluim the 
mineral may be heated in a tube diiectly connected witli th(‘ 
pump For the quantitative deteimmation oi the ^leld ol helium 
from a mineral the hard glass tube should l)e well pcickcnl \Mih 
glass wool, to prevent tiaces of the powdei fiom ])eini> caiiUMl 
away by the gas 

By the action of heat alone it would appeal that only aliout 
one-half of the helium present in the mineial is gneii oh, and in 
oidei to obtain the whole of the gas it is neeessriiy to d(‘comp()S(‘ 
the mineral by chemical processes Heating with dilute sul])hni le 
acid 01 fusion with acid potassium sulphate aie the methods whitdi 
Yield the best lesults 

The second method ie(iiiiies the shoitest 
time, but the decomposition of the nnneial is 
nevei complete The powdeied nmienil is 
heated in a haid glass tube oi ilask, attached 
to the appaiatus already destiibed, with an 
equal weight of acid potassium siilphati^ tht‘ 
sulphate must l)e fiee fioin nitnile, and sliould 
be fused and powdered beloie it is used Tht‘ 
mixture fiotlis considerably when it is heated, 
and consequently the flask oi tube must nevm 
be nioie than half filled with it 

The decomposition of the mineral with 
dilute sulphuiic acid (one in luui ol waUu) is 
moie complete, but the time lequned is usuall\ 
a week oi even longei The nnneial is phuanl 
in a loiind bottomed flask a (Fig 74) wutli a 
tapered neck A ruhbei stoppei, which ])<isHes 
some way into the neck of the flask, lias two 
holes boied in it foi the passage ol a short 
condenser and a tap-funnel Meicmy is ])ouied 
into the space above the lubhei stoppei to 
lendei all the junctions an -tight The ap- 
paiatus communicates, tlnough a taj) at the 
top of the condenseij with the meiciuy-pump, 
which should he without a phosphorus pentovide tube 

The appaiatus is exhausted before the dilute acid which 
should be pre^uously boiled, is admitted, to facilitate the leiiioval 
of the last tiaces of air, carbon dioxide may be admitted thiouLdi 

O 
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the Uip-fuiinel and remo\ed by exhaustion two 01 tliiee times 
The flask is heated on a watei-bath, and tlie gas winch is evolved 
may be leinoved by opening the tap communicating with tlie 
puiii]) 

Est%viatiorb of the total hchmii %n a m%rhcud —The 

mineral is heated in a sealed tube with dilute sulphuiic acid, <ind 
the gas is collected by the metliod described on p 35 The 
complete decomposition ot the iniiieial often lequiies some days 
at 150“ 0 

The discovery of helium and aigon (p 99) gave use to the 
questions — '' Aie these substances homogeneous^ ” and '' Aie they 
the only meinbeis of the gioup to which they belong ^ ” Assuming 
that these gases aie monatomic, as is indicated by then having 
the ratio 160 foi their specific heats, then atomic weights are 
4 and 40 respectively, and they occupy the positions indicated 
in the peiiodic table of the elements This being the case, it 
appealed highly piobable that theie should exist a similai element 
X of atomic weight 20, and otlieis Y and Z of higliei atomic 
weight, occupying positions next to bionime and iodine The 
seriich foi these elementb, and the working out of then ])hysical 
propel ties, occupied five yeais, but it is now pioved conclusively 
tliat theie exists a senes of five gaseous elements of which the 
atomic weights aie in accoi dance with those piedicted liy the 
peiiodic law T}ans 1001, vol cxc\n 47) 


Tablk of Atomic Wmghts 


Hycliogeu 

L 

Heliinu 

i96 

Lithiinu 

7 

Fluoiine 

19 

Xeoii 

20 1 

Sodium 

23 

Chloiine 

35 5 

Aigon 

40 1 

Potassinrn 

39 

Bionuiie 

80 1 

Kiypton 

82 : 

Rubidium 

85 5 

Iodine 

127 

Xenon 

128 1 

Cajsiiim 

133 


Shoitly after the discoveiy of helium, it was shown by Eiinge 
and Paschen that the lines of its spectrum could be divided into 
two sets, and that each set consisted of a primary and two sub- 
ordinate senes of lines of which the vibration frequencies could be 
expressed by a logarithmic foxmula They attributed tins to the 
presence of two substances in the gas, and from analogy with 
known cases they assigned the spectrum which was the more 
displaced towards the violet, to the lighter gas The two 

I 



EXPKRIAIEN r \.L STUDY 01< GAM'S 


CHAP 


II 4 


elements they named hehuiu and paihelium , the spectium of 
the first contained the line (X,= o87G\ while that of the 


second contained the biisht 


line (X=G01(j), which 


„ „ , ,, IS 

next in biilhaiice to the yellow line In pi oof ol then tlieoiy 
they showed that when cle\ite gas was allowed to entei a vacunin 
tube thiough a poious plug, the glowing g.is emitted a hiilliaiit 
green light, and the gieen'line was the stiongest line in the 
spectiiini This they attributed to the sepaiation of the Imliter 
gas by diffusion 

Though the fact that tlie spectium ol helniin contains two 
sets of lines, or rather that the two spectia ot helnim exist with 
almost ecpial brilliance iiiidei one set of conditions (then relative 
intensities being merely modified by change of piessiiie), leinanis 
unexplained, the conclusions drawn by Panige and Paschen have 
been shown to he fallacious The change 111 the iiatuie of the 
glow can he hiought about l)y change of pressure alone (Pioc Roi/ 
Sol , ISQ*?, 60 , 449), and indeed the tube of paiheliuin exhibited 
at the British Association meeting at Ipswich in IS 9 7, contanieil 
the gas under so low a pressure that it phosphoiesced (p dlJ) 

That helium does not consist of two constituents can be proved 
in the following manner When the electric discharge is passed 
through the gas ni a vacuum tube with platinum electiodes, the 
platinum volatihses and is deposited 011 the glass The metal, 
which appears to he amoiphous, absorbs the helium duiiiicr its 
deposition, and the glow in the tube becomes green in cobui 
If this change were due to the removal of one of the constituents, 
the gas which IS absorbed by the platinum, and which can be 
obtained by heating the tube with a Bunsen hiiiner, should oive 
the yellow spectrum only , but this is not the case Ihirther, it 

cm! t n' ^ ^^P^^^tioii of tire 

constituents by the piocess of Iractional diffusion, or by fiactional 

d!r!etmn Tn 7l0) i°" “l J'^^periineiits in this 

1 ' (P 310) have led to the conclusion that the gas from 

The search for the missing elements m the gases evolved 

Z; »» wthom S«ec«ss, and .boat tlio 
existed ® aU available eont^e were well-n,gl. 
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1'heie lemained, liowevei, the possibility that the missing 
element oi elements might exist in atmospheric an — a constituent 
ot the so-called aigon, foi, as Di Johnstone Stoney has pointed out, 
it is possible loi a planet of the mass of the earth to retain on 
its smtace gases of density 9, the density of water vapoui Some 
time pieviously we had discussed the possibility of sepaiating the 
possible constituents of aigon by the process of fractional distilla- 
tion, and of detei milling the natme of the substance which, 
accoidmg to Olszewski, sepaiated from helium when that gas 
was coinpiessed and <illowed to expand at the tempeiatuie of 
liipiid ail As wc Inid no means of obtaining liquid air we were 
at the time obliged to abandon the project 

About the time leferied to, T)i W Hampson kindl} offered to 
supply IIS with liquid air, and m Jfebiuary 1898 we commenced 
the picpaiation of a laige cpiantity of argon (p 105) for the pur- 
pose of the investigation Ey the end of May, about 15 litres 
of the gas had been obtained, and on fiactional distillation it 
yielded a quantity of a gas of density inteimediate between that 
of helium and <itgon, This gas, to which we gave the name neon, 
was aftci wards shown to contain a small (|uantiiy of helium 
(p 217) 

While these ovpeiuuents wen* in progress, about the middle 
of May 1808 wo obhnned about a like ol liquid air foi the pre- 
linuuaiy oxpeiiment The liquid was allowed to evaporate, and 
when only a few cubic centimcties lemained, the gas was collected 
in a gasholcUn Aftei removing the oxygen and nitrogen, the 
lesidiial inactive gas was examined speck oscopically , the spectrum 
was that of aigon, but beyond this two biilliant lines, one yellow 
and one giccii, were obseivcd 

Tins gas we at first supposed to consist of argon mixed with 
a heavier gas, to which we gave the name krypton Subsequently, 
liowevei, we found that there were two heavy gases present, and 
to the densei we gave the name xenon (p 219) 

The methods by which these gases were separated and puri- 
fied aie detailed elsewhere, and it is only necessary to state here 
that they all appeal to be chemically inactive, though it is prob- 
able that undci certain conditions oC temperature and pressure 
helium would combine with one of the constituents of the 
minerals iiom which it is obtained, and in which it is probably 
present in a state of combmation (Proc Boy Soc 62 , 325 , 64 , 
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130) It must be icmembcied tlhd. lueu-un , whidi .seiiH^whal 
resembles the raie gases with legciid te its low hoilnig point and 
monatomic charactei, would lie c*hemi( idl} iihiotnt* at 1000' (’ 

A M Kellas (Pwi Jlojf Sor 59, ()(>) and Tli SobboMug |i 
(0 r 121,605) have mdependeutly dtdpinuiHMl th(‘ (|uantit\ «»l 
argon (containing neon) m atmosplKUic nitioetm In 100 <* ( 
of mtiogen Kellas found 1180 ce ol aigon, wliuh a‘gH‘(‘s 
with the iiumbei 1183 given l)y Schbosing Tins (plant it \ 
of argon IS just suthcient to account ioi tli(‘ dill(‘i(‘n{‘(‘ ludwtani 
the densities of atmosiiheiic and chcnn(*al nitiogtni 

It is difhcult to lorm a veiy (‘vadi estimate' ol tin' (pmntitioh 
in which the individual gases aie pu'scait in tin' almosplants 
Tiom the quantities of the gases obtained by tin* dist illat ion (d 
atinospheiic an, or of aigoii, tlie lollownig innnbi'is hu\(‘ 1 km‘h 
taken — 

Helium 1 to 2 jhu I, 000 ,ooo ol an 
Neon 1 to 2 ,, 100,000 „ 

Argon 0 937 „ 100 „ 

Krypton 1 „ 1,000,000 „ 

1 ,, 20 , 000,000 ,, 

It IS highly probable that the hdimn (Sickly imshos out fioju 
our atmosphere luto space — at least the spc‘( ulalious of I )| ,Ioh,i 
stone Stoney lead us to believe that this would be tlu‘ c.ihe with 
a gas of so low a density The quantity of lieliuiii, wliieh i-. 
continually being given off by imnoi.il sin nigs, ,h. liowevei 

enormous, so that It IS piobable that tlie amount preHc, it in tlio 

atmosphere does not tend to dimmish 
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IIIE DETERMINATION OF DENSITY 

Olioict ol i stancUid — Due ft md iiidiiect methods — The density globe and countei 
poist— Change ot volmno in density globes — 'Weighing — Densities ol small 
(iuantitus ot gases, mctliods ol manipulation, calculation of lesults — Somces 
ot cuoi— Density ot Avatei — Histoiioal — Rayleigh’s leseaiehes — Leduc’s le- 
staiches — Moileys k sen dies — Review ot lesults — Indiiect deteimination ot 
density, SdiltLsing’s hydiostatic ‘dntthod” — Avogadio’s hypothesis 


The density ol any siiLstance is usually defined as tlie latio of 
the mass of it which tills unit volume to the mass of unit volume 
ot some standaul snlistanee 

The densities oi teases, like those of solid oi liquid substances, 
aie ultimately releiied to the density ol watei (p 127), oi are ex- 
piessed in tcims of tlie standaid units ot mass and volume, the 
Pans kilogiam and litie 

Since, how(‘vei, the lelative densities of gases approxi- 
mate closely to half then i dative inoleculai weights, it is con- 
venient lo expiess them, not only with regaid to watei, oi in 
teims of giams ])ci litie, hut also with legard to some standard 
gas 

Since hydiogeu is the lightest known gas, it would he con- 
venient to tedvo it as a standaid, and to considei its density as 
unity (3n tlie other hand, on account of the great difficulty in 
determining its density coiiectly, it has been found more con- 
venient to take the density ol oxygen as 16, and to calculate the 
densities ot othei gases on this liasis 

In detei mining the mass of unit volume of a gas, or the relative 
densities ol two gases, it is tiuthei necessary to take into con- 
sideration the conditions of temperatuie and pressure under which 
they are confined, and since all gases do not expand and contract 
equally with equal changes ot temperature and pressure, the 
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densities should be expressed not only undei definite conditions, 
but uiidei standaid conditions Densities of gases die usuall} 
stated at the meltiiig-pomt of pine ice, uiidei a piessuie equiva- 
lent to 760 mm of mercuiy, at sea-level in the latitude of Pans 
A correction foi the value of the giavitatioii constant must l)e 
applied to lesults obtained in diffeient ixirls of the globe, in oidei 
to rendei them dnectly compaiable (p 1) 

The deteimiiiation of density by the diiect method consists 
in weighing the gas in a globe of known capacity uiidei definite 
conditions of temperature and piessuie The globe in which the 
gas IS weighed consists of a spherical glass bulb sealed to a 
capillary glass stopcock which should he veiy caiefully w^oiked 
In order to eliminate eiiois due to changes in the atinospheiic 
tempera tin e and piessure, and consequently to change in the 
buoyancy of the globe, a closed bulb ha\ing tlie same external 
volume as the density globe is used as a countei poise dining the ^ 
weighing Further, since the weight of the globe vanes some- 
what with atmospheiic conditions owing to the condensation of 
moistuie on its suiface, and since this condensation appears to 
depend upon the chemical composition of the glass, l)oth the globe 
and counteipoise should be made of the same glass Tim is" par- 
ticularly iinpoitant in the case of small bulbs, wheie the suiface 
of the glass is lelatively laige As a mattei of convenience, both 
the globe and counteipoise should be as iieaily as possible of the 
same weight 


Dwxensiojis of the ioc%g]iing glohe — The accuiacy of the lesult 
will, of course, in a gieat measure depend on the quantity of gas 
to be weighed, and consequently upon the \olume of the weighing 
globe With a good balance there should be no difficulty in weigh- 
ing to 0 00005 gram, with a mass of 20 grams on each pan, and 
It should therefore be possible to determine the density of air to 
withm 0 2 per cent, or of helium to within 1 per cent accuiacy, 
using a globe holding 30 cc A globe of 33 cc capacity was 
actually used in a laige numbei of determinations of the density 
of helium and neon with satisfactory results , in weighing xenon 
a globe of / cc capacity was employed A globe of 160 cc 

^pacity was used in the case of argon, and for gases which could 
be obtained in quantity 

the gas IS to be 

introduced into the globe at the atmospheric lempeiature, its 
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capacity may be detei mined at about tlie expansion of ^ the 
gLiss may be neglected 

The globe should first be thoioughly cleaned and clued, and 
the stopcock lubricated, taking care that the hole in the plug 
IS flee from giease, it should then be exhausted and weighed 
Aftei \\eighing, the globe should be hlled with boiled water, and 
suspended in a basin of water loi an hour 01 moie at constant 
temperatiiie Aftei obseiMiig the temperatuie, and closing the 
stopcock, the watei should be ienio\ed fiom the capillary tube 
above the tap, and the bulb caiefully dried and suspendecl fiom 
the balance foi the second weighing The weights which are 
eni])loyed 111 the detei min ation of the capacity of the globe must, 
of Gouise, be 1 educed to the same standard as those which are 
used in weighing the gas The lesults then expiess the density 
of the gas 1 datively to water (see also p 227 ) 

Ch((i}g( 'IE lolvmc of dcnsiiy (jlobes — It is well known tha 
glass \essels continue to contract foi some time aftei they are 
blowm, and it appeals piobalde that 
a considerable change may take place 
in the volume of <i densitj glolie, 
paiticulaily it it is allowed to leiiiam 
exhausted foi a coiisideiable time A 
globe ot captieit} cc was found to 
have sufteied a consideiable conti ac- 
tion between May and Oetobei 111 
180 n It had remained exhausted 
dining the gieatei part of the sum- 
mei, and when its \olume was lede- 
tei mined m f 808 a fuithei decrease 
in volume was oliseived 

The V Lights — Although the de- 
tei mination of the density ot a gas 
leally implies the detei imnation ot 
the weight ot unit \olume, it is (j^uite 
unnecessary tlnit the alisoliite values 
of the weight should be known, since 
the volume of the densit} globe is 
determined iioni the weight of water 
which it contains It is, however, necessary that then relative 
values should lie detei mined 
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-Lord Eayleigli {Pioc Roy Soc 53 , *>02) luis poiiitpcl out that 
a coiisidei able enor is mcuiied by neglecting to collect foi Uh* 
loss of buoyancy of the weighing globe due to conti<K*tion on 
exhaustion The coiitiaction of the globe is easily d(‘tciinin{‘(l in 
the following mamiei — The bulb is placed tis ni Fig To in «i 
desiccator with a gioiind glass lid, so that the neck passers thiough 
a rubber-cork fitting into the hole in the lid, a giadinittMl glass 
tube also passes thiougli the cork The outei vessel is HIUmI with 
water, and the position of the liquid in the giadualcsl ghiss tnbt^ 
noted The bulb is then exhausted, and the deeieas(‘ in \olunu‘ 
measured by deteiminmg the fall of the colmuu of waUn in the 
tube The vessel must be coveied with powdeied ico, oi kiqit at 
constant temperature duiing the opeiation 

The following figuies give an idea of tlu‘ niagnitiid(‘ ol thi^ 
coirection — 



\olnnic of 13iilb 

1)(KU«IS<' Ot 

\ oliimt 

( Ol i('( 1 ion 111 
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Ramsay 

162 782 0 L 

0 0212 t i 

0 000027 

Rayleigli 

1800 

0 25 ,, 

0 000 “(» 

Moiley 

8793 9 , 

1 41 „ 

0 00186 

Moiley 

21567 8 ,, 

8 07 ,, 

0 olon 


The correction may be added diiectly to the obseivt'd weight 
of the gas contained in the globe 

Moiley (p 130) applied the corieetion by eonstincting two 
small globes, having the same weight %n miuo, whosi^ \olunies 
cliffcied by the amount of the contiaction of the winghing glol)(‘ 
on exhaustion These globes weie suspended horn tlu‘ baLinct^ 
when the density globe was weighed empt} 

The densities of the rare gases were deteiimned by w(*ighing 
them m globes of capacities 163 cc, 33 cc, and 7 ee icsjicct- 
ively The appaiatus employed (Fig 7()) and the nudhods of 
manipulation are as follows 

The buiette A, which is intended to leceive the gas, us < on- 
nected with the leseivoir D, and with a side-tube F, which lu‘s 
close to It The uppei pait of the buiette is made of the same 
diameter as the side-tube, that is to say, about 7 mm , in orden to 
eliminate the collection foi capillaiity A glass scale is ])la(‘ed 
diiectly behind the instrument, which may be attached to it by 
means of wire and pieces of cork 
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llj means of tlie two-way stopcock a the burette may be placed 
in eonunuiiication with the density bulb, which is attached by 
means of a piece of lubbei tube (p 
19) to the tube (\ and with the 
pump thiough the stopcock c The 
tube (J may contain pento\ide ot 
phosphoius, but this is usually 
uniiecessaiy, and if the quantity of 
gas to be weighed is small and it 
IS necessaiy to economise space, it 
IS sometimes dispensed with In the 
lattei case it is replaced by a small 
tul)(‘ about 1 0 cm long and 3 mm 
in diametei, hlled with silver foil, in 
01 del to pi event small globules of 
ineicury horn enteiing the density 
glolie 

Idle density globe is caiefully 
cleaned, attached to 6 , and exhausted 
by means ot the meicury pump In 
culm to picveiit dust fiom settling 
on the globe it is enclosed in a 
caull)oaid bo\ with a lid through 
which the stem and tap pioject 
Subs(‘(piently, when the gas is intio- 
(liiced, a. theimonietei us inserted into the box in oidei to 
deteimiiu' the tempeiatuie When the exhaustion is complete, 
the t<ip on the globe and the lap h aie closed, and the globe is 
removed to the balance-case After hanging foi an hour in the 
baLuiee-case it is weighed 

The globe is then re-attached to the ax)paiatus, the tap t 
optaied, <ind the space between the globe and the tap a exhausted 
Sin(*e a small cpiantity ot the gas remains in the hole dulled in 
th(‘ plug ol the tap c, the tap h is closed, the leseivoii D lowered, 
and thc^tap is tinned so as to place the buiette m comniunica- 
tnm with the pump It is usual to lo^^el the leseivoir so that 
tlie meicuiy m both tubes lies a tew contimeties below the tap, 
the tap d can then be tinned, and the reseivon placed m its 

c'lcinip ,1,1 1 

When the oxhausiion is complete, the tap ot the bulb is opened 
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so as to make ceitain that no leakage has taken place The tap 
a IS then turned, the nieicnry allowed to fill tlie hiuette <in(l 
side-tube, and the gas intioduced into the buiette thiough the 
syphon The ineicury diawn in attei tlie gas is allowed to fill 
the syphon, but is not allowed to eiitei the ca])ill<uv tul)(‘ below 
the tap 

Ey closing the tap c and opening the taj) e (audulh tlie gas 
IS allowed to entei the Imlh If the tube ( contains jauitoMcle 
of phosphoius it IS necessaiy to open the tap veiy slowly, oi some 
of the powder may be earned ovei with the gas It a laigti 
bulb IS used it is necessaiy to fill the buiette foin oi tive tunes 
with gas As the gas is usually btoied in tubes this is not 
difticult Sometimes only d small quantit) ol gtus can be olitained, 
sometimes only 10 cc In this c<ise the gas is (dlowanl to 
flow into the bulb, the icseivoii D being loweied till the meieiuy 
in the burette comes to lest at the top of tli(‘ nanow jioition 
The ineicury in the leseivoii should not be <it a lowiu loved than 
the ]anction of the side-tube with the buiette 

In measuring the piessuie on the gas, the tap h is o])(med, 
and the meiciny in the side-tube allowed to fall to the lew el ot 
the mercury in the leseivou In this opeiation it ns usually 
necessary to close the tap a tempoiaiily, loi on account oi tlu^ 
friction of the liquid in tlie lubbei-tube the mmeui) in iiho 
burette may lie foiced up into r If plenty of gas (*an bt‘ obtained, 
theiiieicuiy in the side- tube is bi ought to the level oi the meieiny 
in the nanow poition of the hiuette, gas hcing taken into oi 
expelled from tlie burette thiougli the syphon as may he found 
necessary If the quantity of gas wlncli can be obtained is 
insufficient to fill the globe at full pressure, the meiciny iii the 
buiette is bi ought to the top of the nairow poitiou b} laismg 
the reservoir, the cliffeience of level between the two sui faces 
IS then read ofif^on the minor scale Any final adjustment of 
piessures can he made by closing the tap r/, and compiessmg the 
riibbei-tube by means of a sciew clamp 

The apparatus is usually allowed to stand at lest ioi lialf an 
hour befoie the final leadings of tempeiatuic and pressxue aie 
taken It is generally necessary to extinguish all gas-burn eus, 
and to keep the door ot the room closed during the opeiatiou 

After taking the leadings, the tap on the globe and the tap 
are closed, and the reservoir raised to expel an fiom the side- 
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tube "rhe tap h i& then closed, the leseiAOir loweied, and the 
tap d closed , the taps a and < aie opened, and the whole ot 
the gas which had not been intioduced into the globe is lemoved 
by exhaustion In this way it is possible to lecovei even the 
gas contained in the hole in the tap The taps a and c are 
then closed, and the globe is lemoved to the balance-case, where 
it IS allowed to lemaiii for an houi before it is weighed 

Altci weighing the glolie, it is again attached to the appaiatus, 
and after lemoving the air fionx the space C, the gas is pumped 
out and collected The globe can now, if necessary, be weighed 
again 

Tlu' ’^■^<^ight of one litie of the gas can be calculated from the 
loi inula — 




wheie V) is the weight ot the gas contained in the globe 
ot volume v at tempei<ituie f, and imdei a piressuie of P 
niilluueties oI nieiciiry at 0° 0 , and P is the baiometric pressure 
less the ditfeionco ot the levels of the meicniy m the inanometei 

Since IS a constant and it may be denoted bj K, 

} X 2 / o 


It the density of oxygen 
litie 1 4295 grams, 

D = a 


be taken as IG, and the weight of one 


( 273 ) + ^ 16 

^ .2 X Iv X 


1 4295 


(273 + 0 


xZ, 


since the second factoi is also a constant 


[Table 
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Table of Ee&ults 


Density of gas fiom CJeiite — 



Volume ot 
globe 

Tempi ratiut 

Fressnri 

W< iglitofgas 


33 023 

iS 33" 

615 8 

0 00190 

2 187 

33 023 

17 10 

763 2 

0 OObOO 

2 152 

33 023 

19 43 

7b3 2 

0 00610 

2 205 




Mean 2 181 

Density of Aigon — 




160 17 

13 34^ 

742 8 

0 26591 

19 952 

IbO 17 

12 95^ 

741 3 

0 26586 

19 961 

32 7b2 

lb 15" 

758 1 

0 05501 

19 95 

32 762 

17 10’ 

768 2 

0 05550 

19 98 

32 762 

16 65° 

764 3 

0 05510 

19 9J 

Density of Neon — 




7 152 

18 30° 

422 5 1 

0 00331 

9 91 

7 152 

20 15" 

417 2 1 

0 00320 

9 80 

The gas was spaiked vith oxygen between the two oxpeiimcnth 

Density of Xenon — 




7 152 

21 60 

245 4 

0 01224 

6 4 01 

7 152 

22 45’ 

225 3 

0 0107b 

63 7 1 


The chiet soiirces ot erroi in the ileteriimuitioii ot density 
with small (Quantities of gas are due to the changes of snifaco 
condition of the glass In oidei to eliminate such eirors as fai 
as possihle, the globes should nevei be touched with the fingeis, 
and should always be treated in exactly the same inannoi betoic 
each weighmg It is particularly important that the globes 
should nevei come in contact with mercury, as it is iQiiite 
impossible to wipe small globides of merciiiy off the surface of 
the glass, and a veiy small trace would be quite sufficient to 
render the lesults valueless Particular attention should be paid 
to the lubrication of the stopcock , eveiy tiace of grease should be 
careMly removed from the outside befoie the globe is weighed 
hen the gas to be weighed can be obtained in large 
quantity, to avoid the trouble of pumping out the pentoxide of 

^ a two-way stopcock may be 

use ( ig { ij xhe gas can then he allowed to flow away through 
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llu' scc'uml pas.s<i”t‘ lu tlic tup until tlio connecting tubes of the 
.ipp.uatu.s iuc fu‘(‘ honi <in 

The lii nudj! oj (/nhrs in a mint line — Tlic de- 
toimmiition of the density of gases may he 
applied to the analysis oI niixtuies containing 
_l\vo gases ol known density In the case of 
luixtuies ol helium and aigon, foi instance, the 
method was foimoily the only one with which 
we weie acquainted Within the hunts of 
aeeiiiacy of the methods foi the deteimmation 
of density which have been so lai desciihed, we 
ma\ assume the law ot miytuie to hold good 
ioi the inoie iieileet gases (sec p I.'IO) II, then, 
a mi\tuie eoiit.uns, m 100 volumes, n volumes of a gas of 
ilensity- (/,, and (1 00 — n) volumes ot a gas of density d^, 

(l^n+d, (100-?i.) = I> 100 

4(. must not he loigotten that the accuiacy of the lesult is 
not ol a high oidei unless the coeffacients in the equation aie 
\eiy aeeui.itely deteimnicd, and that in the case of gases such as 
sulphni dioMile, the deviations liom the simple gas laws are 
eonsidei able 

/Im/onriil — Although the eaily attom]its to deteiinine the 
ileiiHity ol gases by John Dalton, Boizehus, Biot and Aiago, 
Dumiw .iml lloussingault, and othcis, aie of interest historically, 
il, would seive no janiioso to give an account ol their 
leseiuehes heie 

'I'he Inst aeeuiate work lu this direction was earned out by 
llegnault about the year 3 S45 The introduction of the 
eountei poise globe leudcied it possible to eliminate errors due to 
(he ehtuige ol buoyancy of the an, owing to changes of tempeia- 
(,ure and i>resauie diiuiig the expeiiment, and enabled him to 
obtain lesults which bear comparison with those of modern 
mvestigators The lesults as expressed by him show, howevei, a 
eonstant dilleionce, from what appear to be the tiue values for 
the densities of the gases which hei examined He had not 
observed that the globe 111 which the gas was weighed decreased 
m volume, when exhausted As was subsequently pointed out by 
Uayleigh, this eli.ingc in volume involves a correction for loss of 
buoyancy. Jtcgnault’s results wore corrected by Crafts (C 1 106, 
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1662) in 1888 Since Regnanlt’s density globe had been biokeii, 
anothei of the same dimensions (10 lities capacity) and ot the 
same weight was obtained The coirection amounted to d milli- 
grams, which was added to the result of each weighing 

Within the last few years the densities of the piincipal gases 
have been accurately determined by Leduc, by Loid liayleigli, and 
by Morley Of these investigations, Loid ILi}leigh’s aie oi pai- 



ticular interest, both with regard to the simplicity of the methods 
employed, and to the accuracy of the results, so far as can bo 
judged fiom the concordance of individual results obtained by 
weighing samples of gas from different sources 

The gases were weighed m a globe of known volume, into 
which they were introduced at the temperature of melting ice, 
and under a definite pressure independent of the atmospheiic 
pressure Ey exhausting the uppei chamber of the manometei 
(Fig 79) and the weighmg-globe hy the same pump, the erroi 
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A 




1/^ 




due to the pres&iiie of an m the lattei when exhausted was 
eliminated The globe, which was balanced against a conn tei poise, 
had a capacity of 1800 cc, and weighed JOO giams when empty 
The coirection foi loss of buo}aiicy on exhaustion amounted to 
0 0005G gram Its volume was detei mined by filing it with 
watei at 0° C and weighing it the density ot the watei was 
taken to l)e 0 99988 In oidei to a\oid the difficulty introduced 
through the expansion ol the watei, the weighing 
was earned out 111 frosty weathei 

The gas was iiitioduced into the globe by 
means ot the apparatus shown in Fig 78 The 
globe H, which is placed in a vessel containing 
powxleied ice, is connected through the tap I to the 
apparatus The taps M and N lead to the vessel 
ill which the gas is generated, and to the Toplei 
mercuiy-pump 0 The apparatus is also connected 
thiough P and L to the uppei and lower ieser\oiis 
of the mercury nianometei shown in Fig 70 

After thorough exhaustion a small cpiaiitity ot 
gas was introduced into the globe and lenioved 
thiough the pump, the globe was then filled with 
it at noimal piessure The final adjustment was 
made by bunging the mercuiy to the le\el of the 
two points AA^ 111 the manometei 

The manometei which served foi the measuie- 
nient ot pressure was constructed so as to eliminate 
eiiois due to the inecpialities of the glass, etc An 
iron rod caiiying two points AA' passed thiough 
rubbei junctions H and F into the leservoiis B and 
0 The rubber tubes were covered by mercuiy 
contained 111 the cups K and G The two leservoiis 
wei(' connected by a tube E, so that wdien the 
lowei one contained meicuiy and the upper one 
was exhausted the meicuiy rose to the level of the 
point A In adjusting the pressure 111 the globe, 
the meicury was maintained at the level of the 
point A by allowing mercuiy to enter or lea\e 
the lower leservoir through the tube B At the 
same time the tap M was opened or closed so as 



to alter the 

piessuie of the air in the globe, and so bring the mercury to the 
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Gvel ot the iii^per point The distance between the two points 
\’vas ineasuied hefoie the appaiatus was set up, and it was only 
nec^esscuy to apply a tempeiatuic coirection to obtain the piessiiie 
the ^cis in the globe 

^ lie iollowing figures were obtained ioi the weights ot dilfeieut 
gases contained in the bulb under a pressure ol 7GJ 51 1 mm ot 
lueicuiy nt 14 85° C , the globe being imineised m melting ice 




I repaied by clectrob^iSj 2 e\periments 
” 5 , 1 e\peiimeiit 

3 » fioni ]}otassiuni chlorate, 5 expeiimeiii 


= 2 6272 + 0 00056 gni 
= 2 6271+ 0 00056 „ 
= 2 6260+ 0 00056 „ 
= 2 6269 hO 00056 „ 


:>> 55 permanganate, 1 e\peiiment= 2 627 J + 0 00056 ,, 

Mean lesult, 2 62760 


Nhirogoi {atmospheiit) — 

b roiu an, by hot copper 
„ by hot non 
5, ferrous hydrate 

Mean result, 2 3107 

JSh trogen — 


= 2 3103 + 0 00056 gni 
= 2 3100 + 0 00056 „ 
= 2 3102 + 0 00056 ,, 


h roiu ammonium cliloiide and sodium nitiite, 

3 evperimeiits = 2 2987 H 0 00056 gm 

„ urea, 4 e\penments = 2 2985 + 0 00056 

nitrous oxide == 2 2990 + 0 00056 „ 

nitric oxide = 2 300i + 0 00056 „ 

Mean lesult, 2 2994 


fiec f}om watei and cailoii d%o:b%de — 

Weight ot gas cout.uiieit 
in the globe 
2 37686 + 0 00056 
2 37647 + 0 00056 
2 37661 +0 00056 

In order to compare these results dnectly with those obtained 
by other observers, it was necessary to express them m terms of 
the weight of one litre, at the pressure equivalent to 760 mm of 
ineicnry at Pans 

To correct for pressure, the observed weights weie multiplied 
lay blie factor 0 99974 Put since the measurements were made 
in latitude 51° 47', it was necessary to introduce a eorrec’tion for 


Highest of seven results 
Lowest „ „ 

Mean 
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giavity This was easily effected by multiplying by the lactoi 
the ratio ot the gravity constants at Pans and 111 latitude 

510 4^/ 

The mean corrected values now become — 

All 0\ygeii Nitrogen 

2 37512 2 62534 2 3088 1 

The weights of one litre — 

An 0x}geii Nitiogcii 

1 29327 1 4295? 1 25718 

Loid llayleigli has also deteiniined the densities of othei gases 
by means of the same apparatus Tlie lesults obtained for the 
density of caibon monoxide will indicate the degiee of accuracy 
with which the expeiiments were peifoimed Tluee sets of 
expeiiments weie made 111 which tlie gas was obtained fioni 
entiiely diffeient sources The figures ie])iesent the weight of 
gas contained 111 the globe , the weight of the same volume of 
oxygen uiidei siinilai conditions being 2 b 2704 + 0 0005G 
giam 

Mctliod ol piepuition (see p 4^) Wciglit ot gis 

Fiom potassium leiiocydiudc and stioiig sulpliuiic acid 2 20843 + 0 00056 
From oxalic acid and stioiig sulpliuiic acid 2 29852 + 0 00050 

Fiom sodium foimate and 70 pci cent sulpluiiic acid 2 29854 + 0 00056 

Leduc lias deieimined the densities of the cominonei gases 
hy weighing them, under known conditions of tempeiatuie and 
piessuie, ni glass globes of about '2 d lities capacity The weak 
point in the method which he employed lies in the fact that the 
globes weic never completely exhausted A pump was used 
which would exhaust down to a i)ies&uie ol about 0 1 mm 
that IS to say, that about Yitao pait ol tlie gas would icmam ni 
the globe A pressuie of this oidei would be quite impossible 
to measure directly, and might vary ^between 0 05 nmi and 

0 15 mm , the erior introduced m this way is of the same oidei 

01 magnitude as the diherence between the weights obtained by 
Loid Eayleigh and Leduc for a litie of an — 

Leduc Lord Rayleigli A 

Weight of one litre of air 1 29316 1 29327 00011 

01 -iTTirir 
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Lediic’s lesiilts aie consistently loYei than those of otliei 
obseivers, except in the case of nitious oxide ^ the discicpancies 
may, perhaps, be accounted for in this way 

In a icsumS of his reseaiches on the densities ol gases, 
Lediic states that the agreement between the valinvs which he 
obtained for the densities of oxygen, nitrogen, and atiuos])hciic 
argon, aie in accoi dance with his own deteiiiimation ot tlie 
composition of air (p 97), the determinations of the cpiantity ot 
argon in an by M Schloesing and Di Xellas, and tlie density ot 
aigon by Loid Eayleigh and Piof Eamsay Tlie statement 
contains certainly one fallacy, in that he assumes tliat the 
number 19 94 represents the densit} ot aigon with legaid to 
that of hydrogen as unity, and not to oxygen as 1 {>, and tuithei, 
it IS probable that the an contains moie neaily 19 9 than 20 0 
per cent of ox}gen 

A very elaborate investigation of the densities of oxygen and 
hydrogen has been earned out by l)i Moiley, and d'estiibed 
m the Proceedincj'i of the Smithsuman AhbOiMtwn Tlie methods 
employed are of too complicated a nature to be dealt with lu 
detail, but as the -svork is of the greatest importance, it ni<iy ho 
as well to describe it biietiy 

The experiments were performed iii such a iiiaiiiioi as to 
elimmate all known souices of error Special attention was 
paid to measurements relatmg to tempeiatuie and piossuio, and 
the xolnme expansions of each of the gases were coiisideied’ 
independently The globes were of capacities varying fioin 8 

0 - htres their capacities were aceiiiately deteiiniued 1iy an 
indirect method involving weighing them m water, and then 
contraction on exhaustion was estimated and corrected for in the 
manner desciibed on p 120 

1 , determined by suspending the 

after the method of Gauss The results are reduced to the values 
which would have been ohtamed at sea- level in latitude 45° 

1 000316 ' ™ multiplying by 
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between 15° and 20° The apparatus was connected with an 
open manometer, standing in the same trough with a barometer 
The leadings were taken with refeience to a glass scale placed 111 
fiont of the tubes, which weie 19 mm in diameter, hj means of 
a cathetometei The difference between the leadings of the two 
mstiunients gave the pressure under which the gas was confined 
The results had afteiwaids to be collected by addition of 
on account of an erioi which was found to exist in the standard 
of length , the mean lesults alone are con ec ted 

2 The globe was immersed in powdered ice and connected 
with one limb of a differential manometei, which was also con- 
nected with a vessel filled with pure hydrogen immersed in ice 
The meicuiy in the manometei -was brought into position with 
legal d to two pi ejecting points m the opposite limbs , the 
piessiiie repimed to bung the meremy to this position had 
pievioiisly been determined 

Tn this senes of expeiiments the globes weie keyt in a 
desiccatoi, liom which the stopcocks and leading tubes alone 
projected The vaiious opeiations imolved 111 exhausting, filling, 
and weighing them woie peiloimed mechanically 

d) The globes weie immeiscd 111 ])Owdoied ice, and the 
piessuie was deteimined diiectly, by connecting > the inteiioi of 
the appaiatus with the lowei chambci oi a Ijaiomotei 

Tarce of Uemjits 



Weight of oiM 
bitl( 

Difloronco 

\()himo ol Bulb 

Sfiufs I 

Highest 

I 42907 1 

0 00019 

f 21 50^i3 litres 

9 oxpeiiments 

Lowest 

1 42838 J 

00 

00 



Menu 1 42879 i =0 000081 



SfIUI'H II 

Highest 

1 42880 1 

0 00029 

f 20 ()57t) 


6 cKpu linen ts 

Lowest 

1 12851 / 

1 

/ 20 5.578 

1 

55 

Si uths II (b) 

9 oKpciiinents 

Highest 

Lowest 

1 12890 \ 

1 42858 / 

0 00013 

> 5 

J J 


Mean (15) 1 428874=0 000018 



Serifs III 

Highest 

1 12957 \ 

0 00047 

f 8 000 



Lowest 

1 42910 i 

1 ,, 


Series III {b) 

Highest 

Lowest 

1 42951 \ 

1 42849 J 

0 00102 

r 15 0 
i }} 

? J 

J J 


Mean 1 42917 i=0 000048 
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111 calculating the hnal mean the tlmd biMUSs ks given 
double weight 

Weight of one litie of oxygen = 1 421)00dt:d 0()()02» I 

Hydoogen — Pive senes of expeiimeiits weie nicul(\ but. the 
two fiist sets weie subsequently neglected, as the lesulbs ap])eai(Hl 
to be affected by a constant enor, the natme ol wlueh eoiild not 
be detei mined 

In Series 1 and II the globes weie duedly weighed <ifier 
filling with hydrogen, but in the thieo Inst stuuvs <in entiielv 
different plan was adopted Thiee ol tlie globes weic^ (*on- 
nected togetliei by means of glass tubes, <uid nmmnsed m a 
large cylinder filed with powdeied ice, piecautioius wen' takmi 
to prevent the piessiue of the ice (lom alteiing the si/.e of 
the globes The capacities of the globes vveic ahcady known, 
the volume of the leading tubes, whicli wcio also (Minneeted 
with the lowei leseivoii of a baioinetei, was also dider- 
mined Palladium foil, contained m a gkiss tube*, was (‘haiginl 
with pure hydrogen, the palladium was capable of <ibsoibmg 
between 3 and 4 grams of the gas The tube was then siMiletk 
weighed, connected with the tube leading to the globtvs, anil 
heated The volume of the gas given oil was (‘stimaliHl fioni 
the barometer readings, its weight was detei rniniMl by detaidnng 
the palladium tube, and reweighing iL The details of the 
operations involved are caiefully described in the origiinil memoir 
{loc cit) The following is a geneial summaiy of the Hvsults - 

Series I Mean 0 089938 ( 

„ II Q 089970 / icbiilts weie lejected 

The results of the last thiee senes all appeal to be of (Hjiial 
weight — 


Senes 

Highest 

Tjowpst 

Mtaii 

UxiHU’juentM 

III 

0 089912 

0 089856 

0 089880 

8 

IV 

0 089972 

0 089777 

0 089880 

6 

V 

0 089877 

0 089830 

0 08986b 



Final mean 0 0898734=0 0000027 



In the following table the lesults obtained by 
observers are stated — 


diflereut 
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Densities of the Commoner Gases expressed in terms 
OF Grams per eitkf 

Nitioj,eii Hvdiogtu 

1 t25bl7 0 08958 

1 rmi 0 089S8 

1 25787 
1 2j819 

1 25709 0 08985 

] 2571S 0 09001 

0 089873 
0 089951 

llie tiue values foi the densities oi ovygen, nitiogen, and air 
piobabl} lie between the \alues given by hayleigh 
and Leduc lespectively It is piobable that 
Morley’b determination ot the density of liydiogen 
IS the most coiiect Loid Ihiyleigh’s value foi it is 
ceitainly slightly too high 

Indued method fo\ fin dein muudion of tin 
dcinduf of a tjcn — Schhesmg {C i 126 , 18b8, ^20 
and 476) has de\isod a h}diost<itic method tox the 
deteimination oi the densiU ol luodeiately heavy 
gases when only veiy small (iiiaiitities can be obtained 
The appaiatus employed is shown in Fig 80 The 
tubes A. and !>, winch aie iioiu 1000 to 1600 cm 
111 length, and have an luteinal diametei ol about 
2 or 2 5 mm, aie eucdosed in a watei jacket At 
the bottom they aie sealed to a three-way tap, so 
aiiiUiged that eithoi of them can be connected with 
the othei, oi with a meicuiy xeservon l^oth tubes 
aie open at their uppei ends 

The tubes aie hist completely hMed with mei- 
cuiy, and the gas (1, ol which it is required to 
deteimme the density, is admitted so as to fill one 
of them, the other tulie is hlled with caibon dioxide, 

01 some gas which is heavier than Gr, and which 
has no chemical action upon it When the stopcock 
IS turned so as to place the tubes in communication, the carbon 
dioxide, m vntuc of its superioi density, will sink in the tube , 




All 

0\>^eii 

Regnault 

1 29319 

1 42980 

Corr by Ciafts 

1 29349 

1 43011 

Von Jolly 

1 29351 

1 42939 

Cou 

1 29381 

I 42971 

Leduc, 1891 

1 29319 

1 42910 

Rayleigh, 1803 

1 29327 

1 12952 

Moiley 


1 42900 

,, ( Pans standaid) 


1 12945 
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at the same time some of the gas (f will be expelled, and an 
will enter on top of the carbon dioxide as its level falls Fioin 
SIX to eight minutes must elapse before equilibiiiim is established 
If the tube A had previously contained caibon dioxide, and 
the tube B the gas, GJ-, which was heavier than an, and a and 
/3 are the surfaces of contact of these gases with caibon dioxide, 
the condition of equilibiiuin will be lepiesented by the equation, 

h'd' — M + Qi' - /()S 

Where h and h' are the distances fiom the centres of the 
orifices a and h, to the points a and /9, and d, d', and h are the 
densities of air, the gas Gf, and caibon dioxide undei similar 
conditions of temperature and piessuie Tlie correction for the 
pressure of watei-xapour is eliminated by saturating the gases 
before they aie brought into the apparatus 

To determine the positions of the points a and /3, the small 
gas pipettes, are attached to the open ends, a and h, of the tubes, 
and the carbon dioxide is absorbed When the gas is letuined 
to the tube the mercury will occupy, m each case, the space 
formerly occupied by the carbon dioxide 



1 line allowed foi taking Readings 


(3 ilciil<it(‘d 
Dtnisdy of 
All =" 1 

1' 

4' 


s' 

JO 

12 

Air 

Nitrogen 

Oxygen 

Methane 

0 990 

1 176 

1 000 

0 968 
] 107 

0 999 

0 967 

1 105 

0 559 

0 998 

0 967 

1 305 

0 966 

1 101 

0 557 

0 966 

1 101 

1 000 

0 967 

1 105 

0 558 


With hydrogen the results were not satisfactory This is 
probably due to the escape of gas by diffusion, from the iippei 
part of the tube 

Dediiciwn of the dcmity fiom the mho of the specific heah — 
ihe density of a gas may also be determined from the velocity 
0 sound in it, if the ratio of its specific heats at constant 
pressure and constant volume is known (p 2 ’71) 

Avogadm’s hypothesis tU simple laws which govern 

the relationship between volume, temperature, and pressure 
m gases are only accurate within certain limits, it might be 
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expected that Avogadio’s lijpothesis would also be only an 
appioximation By compaiing directly the densities of gases 
and their inoleciilai weights as detei mined by clieinical means, 
it will be at once seen that the latios do not give a constant 
\alue, and that consequently the space occupied by a molecule 
must vary slightly among the diffeient gases 


Otis 

Densit\, O-K) 

Molpcnlai Weight, xOO 
(Galdilited lioin the chemical equivalent ) 

Hydiogeii 

1 006 

1 00 

1 0076 

Nitiogeii 

14 071 

13 93 

14 04 

0\;y fifoii 

16 000 

15 88 

lb 00 


Nunieious investigations have been iindeitaken with a view 
to (leteinnmng the exact pioportion in which oxygen and 
hydiogen entei into combination to foini water Berzelius and 
Dulong (A dr OIi ct dr Ph [2], 15 , 389) deteimined the ratio 
by ledueing heated coppci oxide with ])ure hydiogen, and 
determining tlie (piantitj of waiei foinied They obtained as a 
mean lesult lot the atomic weight ot oxygen the numbei 15 894 
By the same method Dumas (A do 6k ct dr Pk [3], 8 , 200) 
obtained the value 15 961, and Eidinann and Maichand {J f%u\ 
praef Ch 26 , 40 8) tlie iiumbei 15 975 

These lesults aie now mteiesting only fioni an histoiical 
standpoint , tlie latios, as determined by a numbei of moie recent 
investigations, ap]jeai to show that the atomic weight of oxygen 
IS less th<in 15 9 

The following is a list ol the moie impoitant investigations — 



Hubs lane ( s 
w (Uf^herl 

Atomic Wught 
of ( )\ygen 

(u=-i) 

Cooke and Ricliaitls 
Iveisei 

J 5 

Noyes 

Dittmai and Ili'ndeisou 
Rayleigh 

Loduc 

Moilcy 

ulm Ch J 10, 81, 191 

Am Oh J 10, 219 

Am Oh J 20, 735 

^Im Oh J 1890, 12, 141 

Phil Soc ()/ Olasqow^ 1891 
PtOi lloii hlo< ,1889,46, 125 
Ooiiipfa lendm, 116, 43 
Aiiufhmuan, 1895 

J » > 

11 and () 

H and Bp 
H and HjO 
H and 0 

0 and lEO 

II and 0 

0 and H,0 

H and Bfi 

0 and H^O 

15 869 

15 950 

15 869 

15 877 

15 866 

15 89 

15 881 

15 879 

15 879 



CHAP 


I 36 EXPERIMENTAL STUD-\ OF GASES 


I'o tins we have to add the atoiiiic weight ealenlated ft 0111 
the volume lelations and denibitie.s of the gases 

Scott 15 868 

Mor]e\ 15 879 

Cook and Ihchaids, JMoyes, and Leduc, all employed methods 
similai to tliat ol Bei/eliu^ The foimei compressed hydrogen 
into an exhausted glass globe, and burned the gas in contact with 
heated coppei oxide This method avoids' the difficulty of 
deteimimng the weight ot the hydrogen, a small weight at the 
best, by difteience only Leduc, who peiformed two expeiiments 
onh , reduced a weighed quantity ot copper oxide, and weighed 
the watei foimed The hydiogen absorbed by tlie coppei was 
estimated by reoxidation 

Ihe fiist experiments ol Jveisei aie eeitamly inaceuiate, bub 
the use of palladium in mdei to cibsoib and weigh the hydrogen 
introduced a new featuie This method in the hands ot Moiley 
gave, at a latei date, the most acciuate lesiilts which have yet 
been obtained * 

Rayleigh s method consisted in weighing the gases in glass 
globes and transteiiing them to an apparatus in which they were 
mixed and binned The globes weie subseiiueiitly leweighed, and 
the residual gas was analysed It Morley’s density for hydiogen be 
substituted toi Rayleigh’s, the mnubei becomes moie neaily 15 87 

Scott {Phi! Plans 1893) deteiimned directly the volume of 
oxygen and hydiogen which enteis into combination to form 
watei The gases were moasuied in a constant volume buiette; 
the meicuiy in each experiment wms brought to a mark on a 
portion of the vessel which was made very narrow The mixture 
was exploded 111 successive quantities The excess of gas uneon- 
sumed was measured and analysed 

In the eaihei experiments the tap ol the explosion pipette 
was lubricated with a hydrocaibon grease This led to the 
formation of a layer ol grease on the rnside of the pipette, which 
was partially burnt. dining the explosion ol the gases, with the 
result that the .ippaient quantity of oxygen consumed by the 
hydiogen was too laige 

The results ot the expeinnents are fairly concordant, the 
most probable result for the ratio of the volumes of oxyoen to 
hydrogen is 1 to 2 00245 
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Moiley {Smitli^oman Conti ihiitiom, 1895) has cletei mined 
diiectly the composition of watei by binning weighed ({i^an titles 
ot oxygen and hydiogen in a closed apparatus, and determining 
the weight of watei pioduced, and the excess of gas lemaining m 
the appaiatus 

The eonibustion cqipni otn^ (Fig 8 1 ) consisted of a glass cylmdei, 
thiough the sides of which passed tubes 
which weic ultimately connected with the 
appaiatus delivering the oxygen and 
hydrogen respectively The tubes teimi- 
nated in small platniuni jets which pio- 
jected upwards into the cylmdei , a pan 
of platinum wires placed immediately 
above them seived lor the ignition of 
the flame of oxygen oi hydiogen Ex- 
ternally the tubes weie sealed to two 
tubes con taming pentoxide ot phosphoius, 
which foimed pait of the appaiatus, and 
which seived to pi event loss of watei 
through dll fusion, oi duiing the final ex- 
haustion ot the a])paiatus The appaiatus 
was weighed against a conn tei poise 

The o^iygni was obtained by heating 
])ot<issmm chloiate, and was wiughed in 
two ot the density globes which weie 
altei wards simultaneously connected with 
the combustion a])paiatus The hydiogen 
was absoibed by metallic palladium, and 
w^eighed on an apparatus similcii to that 
employed in the deteimination of the 
density of that gas Foity-tw’'() hties ot hydiogen and twenty- 
one lities of oxygen were employed m each experiment, the 
(piantity ot gas lemaining uiicombmed vaiied horn one six- 
hiuidiedth to one ten-thousandth of the whole 

Dining the expeiimeut the combustion tube was kept cool, 
so that the gases were diawn into it in a steady stieam It was 
possible to continue tlie combustion till the pressuie of the watei 
vapoui and gas in the appaiatus did not exceed 80 inm of 
meicury At the end of the expeiinient the oxygen globes and 
palladium tubes weie closed and subsequently weighed The gas 
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contained in the appaiatus was lemoved by exiiaustion and 
analysed, and the combustion cliambei sealed and weighed 

Souices of 071 01 riie gas contained in the appaiatus was 
found to contain traces of caibon dioxide, and in some cases 
nitrogen These impmities weie tiaced to the asbestos used in 
the constiuction of the apparatus, and to the an lemainmg in the 
gobes aftei exhaustion, the error intioduced was inconsideiable 
fexpeiiments weie conducted to deteimme whether the gases 
weie completely diied by passage over pentoxide of phosphorus, 
Sygef ' ®'^bstaiice absorbed an appreciable (luantity of 

On the othei hand it leinained possible that traces of ozone or 
0 lydrogen peioxide were formed duiing tlie combustion , if this 

were so the apparent quantity of oxygen consumed would be too 
^reat 


bET OF ElEVJ'N DeTBUMINATIONo 

Atomic weight of o\jgeii (11 = 1) 
Highest 15 882 

Lowest 15 887 


Jtitio HjO/Il 
17 883 
J7873 


Mean Value oe the Atomic Weight op Oxygen 


From ratio 0/H 
From latio H„0/H 


158792 

158785 


elecSio ^ (ietei mined the composition of 

electrolytic gas in a manner similar to that employed for the 

determination of the density of hydiogen A voltLetei was 
constoeted so that it could be weighed, and then connected wTth 
and^ nwv°^ f capacity immeised in ice and watei, 

the voH T through 

nmJal The n apparatus became nearly 

j e pressure was then accurately determined and the 

pressure ofthe ^ T tempeiatuie, and 

pressure of the gas and the loss of weight of the voltameter 

that mlTr’^^''^'''* analysed, and it was found 

iplr that dnrT 

solution en f I f electrolysis of the caustic soda 

solution contained in the voltameter, a certain quantity of the 
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oxygen entered into combination with other substances piesent 
Whether hydrogen peroxide 01 ozone were formed or not was not 
determnied 


Weight of One Litre of Electrolytic Gas 

Highest 0 535584 

Lowest 0 535441 

Mean 0 535510 

Calculated directly fioin the density of electrolytic gas and 
the densities of hydrogen and oxygen, the latio of oxygen and 
hydiogen in watei becomes 1 to 2 0045 

It IS necessaiy to take into account the fact that the law of 
mixtuie IS only approximate Applying Van der Waal’s formula 
ioi the lelations ot tempeiatuie, piessme, and volume of gases (p 
1 7 C), and using the values of the constants deduced bj Sariau from 
Amagat’s obseivations (p 105), the latio ol the mixture becomes 
1 2 003W Appl}ing a final collection loi the slight excess 
ot hydiogen (see p 1 bS) piesent m the gas, the final value 
1 2 00269 was obtained As to whethei the collection for 
pressuie is valid 01 not is a (piestion , the results obtained foi 
the couipiessibihty ot liydiogen aie, as will be pointed out, open 
to criticism 

Keisoi (Avi (JJi J , 189(S, 20 , 72) has leccntly deteimmed 
giavimetiically the ])iopoitions in which the gases combine 
The hydrogen obtained by electiolysis of dilute sulphuric acid 
was absoibcd by spongy palladium m a tube which also con- 
tained some pentoxide ot phosphoius The tube was weighed, 
and oxygen was admitted slowly till the whole of the hydrogen 
was consumed The tube was then allowed to stand overnight , 
the excess of oxygen w<is lemoved by exhaustion, and the tube 
was weighed 

Alter standing foi loity- eight hours the palladium was 
removed, and the tube was weighed again 

Typical expeiimental results — 

Weight of hydiogen Weight ol oxygen + hydrogen 
0 27549 2 45798 
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Table op Results 



Ratio H/0 

Ratio H/II>0 

1 

7 923 

8 929 

2 

7 943 

8 9 46 

3 

7 940 

8 956 

4 

7 945 

8 950 

Mean 

7 937 

8 94 ^ 


Atomic weight of oxygen from ratio H/0 1 5 874 

„ ,, » „ H/H,0 ir)88() 

In 1898 Daniel Berthelot pointed out that the tiiie luoleculai 
weight of a gas could be calculated liorn its density and tlie 
obseived deviation fiom Boyle’s law (0 i 1898) 

Wheie ^0 IS the volume occupied by a giam-niolecuih' ol the 
gas undei pressure the deviation fiom tlie simple law may b(* 
expressed by 

Poh) 

where i is the volume occupied by the gas undei a, vei) low 
pressure p 

If tv^o gases have the same moleculai volume undei a \eiy 
low pressure (p 159) , 

( 2 ^ (1 + ftp ~ (tpo) 

' + "> - 

If^ IS veiy small and j;,, is one atmospheie, 

? 0 _ J -a 
t\,~ 1 ~(? 

If d, d’ , d", etc, aie the relati\e densities ot diffeient gases 
undei atmospheric piessuie, then lelative molecxdai wcnuht will 
be (1 —a)d, (1 —a')d\ etc 



Hj drogcii 

Nitrogui 

Carbon iiioikixkIl 


a 

- 0 00046 

+ 0 000.58 

1 0 00046 

f 0 00076 

(1 - a) 
d 

1 00046 

0 99062 

0 99954 

0 99924 

1 

0 062865 

0 87508 

0 87495 

Mol wt 

2 014'72 

28 01 52 

28 0068 

32 

At wt 

At wt fiom lesalts 

1 0074 

14 007 ( 

' = 12 007 

16 

ot analysis 

1 01 

14 04 

12 00 

16 



CHAPTER XIII 


THE IIELATIONSIIIP OF TEMPEEATUllE, PEESSUEE, AND VOLDIVTE 
OVEE LIMirED EANGES OF PEESSUEE 

^Maiioincteib and baionictcis — Teinpeiatuie collection loi height ot coliinm of 
ineiGiny — Gay Lns&ac, Oliailes, Dalton, Eiidheig, and Regnault — Piessure 
coelhcicnts of expansion — Expeiimental doteinimation of the piessine coefhcient 
-The gas thciraoinetei — Tem2)eiatiue on the absolute scale — Abnoimal 
c\pansion — The lelations ol tcnipeiatiiio piessure and \ohirae in laiehed gases 
“ -The McLeod gauge 

The simplest; loim oi pressiiie giiuge foi tlie medsuiement ol 
piessiues lo’wei than atmosplieiic piossiue, consists ol a piece ol 
glass tube ol unifoiiii boie bcnit on itsell (big S2, a) The lowei 
end ol the longei Inub oi tlie tulie is open, and dips below the 
suiface of the meicuiy in a basin, the otliei end is connected to 
the appaiatus to be exhausted The height ol the column ol 
nieicury in the tube is ineasuied 1)y means ot a scale with an ivory 
point which IS biouglit on to the surface ol the meicuiy at each 
leading, oi a baroinetei is placed in the basin by the side of the 
gauge, and the diffeiences of level ol the nieieiny in the two tubes 
is detei mined by means ol a scale placed behind them 

A moie convenient loim of the instiument, which may be 
used loi measuring piessmes between 1000 and 10 millimetres, 
IS shown m the next hgiue The dilfereiice ol level ol the 
meicuiy in the U-tube is read off diiectlj' on a scale placed 
behind it Sometimes, if the instrument is intended foi the 
deteinunation of leduced piessure only, the veitical tube is bent 
so as to bung the two siiifaces of the meicuiy diiectly one ovei 
the other Care must be taken to obtain a piece of tube of 
uniform boie, and this is not easy , the diametei of the tube 
should not be less than 7 millimetres 

For the measurement of press uies below 1000 millimetres it 
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]s sometimes convenient to employ a closed vacuum gauge (Fig 
82, c) The upper end of one limb of the U-tube is se<ile(l, and 
I a ticxp IS inseited to pi event ticie{\s ol 

ail fioin enteiing The nppaiatus may 
easily he filled 'v^ith meieuiy in th(‘ 
following mamiei 

A glass bulb is sealed to the open 
^ limb ot the manonietoL and th(‘ whole 
appaiatus is thoioughly cIcMiied and 
dried Meicuiy is then intiodueed 
^ into the bulb, and the ap2)aiatus is 
connected with the watei ])um}) by 
means of a long iubl)ei tul)(‘ Ily 
withdi awing and then leadmitting the 
Li meiciiry liom the bulb ns allowed 

to lun in small (piantities into the 
closed hml) of the U-tube K<ieli time 
r\ I meicuiy is admitted, the tube is caie- 
(u) lieated by means ot a lUinsen 

x — y buinei, so that the inereuiy boiling 
in vacuo expels the whole of the an 
The heating need not be continued 
aftei the tube is fdled to above the 
U level of the tiap 

Fig 82 dtffnential iiumorndv) of gieat 

delicacy was em^iloycd by Moiley (p 
181) m the deteimination of the density of oxygen Two 
bulbs connected by a U-tube contained glass points pio.ectnin 
downwaids The mercuiy, which half-tilled each bulb, was 
brought to the level of the glass points in each evpciinunit 
le 0 ^ gauge was maintained at the temperatuie of melting 
we The very sensitive diffeiential manometer employed by 
Petterson in bis apparatus for the determination of the caiboiiic 
acid in air might also find further application 

The manometer employed by Lord Eayleigh in the deter- 
mination of the densities of gases is described on p 127 

common syphon barometer is too wcdl 
known to lequire description 

the tiZuta^Tr^ barometer (Fig 83), which possesses 

the advantage of being very easily fiUed, has been described by 
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Collie {Ghem Sot 1895, 129) The stem of the 
instmnient is sealed to the top ol the cistern, which is 
in the same a\is with it, and is continued to the 
bottom of the cistein by means of the capillaiy tube a, 
which IS bent to one side The cistern communicates 
with the an thiougli the tube 5, the tiap c below the 
iippei ehamliei seivcs to catch any minute bubbles of 
an that might find then -vvay up the stem 

The mbtiument may be filled with meicuiy by the 
usual process of intioducmg small quantities of mercury 
and boiling to e\pel the air, or by tlie following method 
The tube b is made rather long, and is drawn -out to a 
long capillary about 0 5 mm internal dianietei The 
tu])e lb sealed to the pump and the instrument is 
exhausted as bn as possible, while the glass is heated 
to remove moistuic The capillary tube can then be 
sealed, and l)y bu\dving the point beneath the surface 
ol some meKUiy in a basin the barometer may be 
tilled, le<iving only an mappieciable trace of an 111 the 
uppm bulb 

The pit‘senc‘(‘ ol <i minute tiace oL air has piactically 
no nilhuuice ui)ou the leadings ol the instiument, and, 
indeed, when the* <111 lias been completely expelled, the 
meieiny adheies to the glass altei the instiiiment has 
been tilted, and only by w<uming or sliaking can lie 
made to fall to tht‘ baiometuc height 

Tire readings are talvcn with refeience to a scale 
placed belund the instrument hbr absolute determina- 
tions ol the barometiic height ni experiments on the 
densiiioH of gases, etc*., the scale should bo compaied 
with a sianilaid ol length 

The tanpemtinc corfeePum — Hince both the density 
of meuuuy and the length of the scale change with 
tempenature, each time the barometric height is read 
the temperature is taken, and a correction is applied in 
Older to determine the true pressure The correction 
may be appluMl by dnect calculation in the following 
nmnner 

Suppose the scale to be of standard length at 
temperatiuc /, and that the reading is taken at 
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temperature which may he taken as identical foi scale and 
barometer 

If I IS the obseived leading at t, since a greatei numbei of 
divisions will cories|)ond to the same length at the lowei tempera- 
ture, the coirected leading will be /[I wheie a is the 

coefficient of expansion ot the scale If the scale is coirect at 
0° C, and the tempeiatuie is expressed m degiees Centigiade, the 
collected leading becomes I{l+at) 

Similaily, if the collected height of the mercury column 
alone becomes 

Jo ^ L 

i + ooooisn 

= -(0 000181 -a)f] 

The coefficient a has the following values — 

Poi brass 0 0000188 

Foi steel 0 0000104 

Poi glass 0 0000091 

The assumption that the scale is conect at 0" C cannot as a 
rule be made 

A scale, from wdiich the correction may be lead oil diiectly, 
may be constiucted in the following manner (Tig 84) The 
oidmates lepiesent in millimetres the height of the meicury 
column, and the abscissse the coriection in teinis of the same units 
The coriection foi each alternate degiee of tempeiatuie is lepie- 
sented by one of the diagonal lines , intermediate points may be 
obtained by inteipolation In constructing the scale, the values 
of the correction to be applied to a column of meicuiy aie 
calculated fiom the equation — 

Ooirectioii = Z(/? - a)t 

The following values have been calculated foi a barometei 
800 mm high with a glass scale conect at 15° C 

24" 3 302 

26" 3 578 

28" 3 853 

30" 4 128 

J Shields {Plal Mag May 1896) has described a mechanical 
device for determining the correction to be applied for temperature 


8" 

1 101 

16" 

2 201 

10" 

1 376 

18" 

2 477 

12" 

1 651 

20" 

2 752 

14" 

1 926 

22" 

3 027 
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The mstrumeut consists ot n hcuometei of the Collie type, mounted 
in fioiit of a minor scale in such a manner that it can be given a 
vertical motion by means of a sciew A The mercury in the 
cistern is adjusted to the level of a ^eio line B, and the height of 
the column is read off on the scale which is ruled in millimetres 
between 700 and 800 niillinretres fioin this point, the intei- 
vemng space is left blank 

The attachment by which the teinperatuie correction is 
applied, consists of a theimometer winch is clamped to the stem 
of the barometer , the capillaiy is so bent that the portion 0 of 



it which contains the end of the thread of mercury lies in a 
horizontal positron in front of a scale The thermometer moves 
vertically with the barometer when the mercury in the cistern is 
adjusted to the zero line, and consequently each position which it 
can occupy corresponds to a certain length of the mercury column 
The correction is read off by determining the position of the end 
of the thread of mercury with regard to the horizontal divisions, 
which are naturally wider at the bottom than at the top, sim’e 
they correspond to longer columns of mercury 

The method of ruling the scale lequiies some explanation 
Since it is required to reduce the barometric height to 0“ C , 

L 
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Fig 85 


it IS obvious that the zeio line must be a vertical 
line coiiesponding to the zero ol the tlieimoiiietci* 
It IS not necessary to deteimine 
the length in inilhmcties coi- 
lesponclmg to T on the theimo- 
metei stem ; suppose this to be n 
mill ime ties 

Since the distance thiongli 
which the baionietei is laised oi 
lov ered to set the level of the 
ineicury in the cistein to the zeio 
line, IS one-lialf the distance tliat 
the baiometei has risen oi fallen 
since the last adjustment, a distance 
of 50 mill between the uppei and 
lowei hoiizontal lines on the scale 
will conespond to a dilfeieiice of 
100 inillimeties of baiometiic height The length 
of the divisions 1, 2, 3, 4, can be found fiom the 
ectuation 

( = l{f:^ — a)t 

Substituting ni foi t to obtain the length iii milli- 
metres, and 0 000172 if the scale is of glass 

One diMfoion of the xippei line ~ 800 (0 0001 af 
” n -= 700 (0 000172) „ 

These points aie then joined b} stiaight lines 
Aftei setting up the iiistiument the position of 
the thermometer is adjusted without difficulty 
In baioineteis such as liave been desciibed 
there is no coirection foi capillaiity, hut in eveiy 
case the instiument should he tapped with the 
fingei he foie a reading is taken 

Aholutc 9107 mal 2-)7 cmi7 c —Hmce the absolute 
normal pressuie is expressed by the piessuie 
exerted by a column of meicuiy 7G metie in 
height multiplied by the giavitation constant, it is 
necessary to apply a correction in ordei to compaie 
observations taken m different latitudes, oi at 
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ditteient heights above sea-level The value oi the giavity con- 
stant in latitude 45°, which is taken as the standaid, is 980 61 
For the comparison of the densities ol gases the Pans standard 
{g = 980 94) has been employed (p 128) 

Rclahon of temp&)atwe and volunu — -Although Dalton and 
Chailes may be said to shaie the honour of the discoveiy ol the 
law connecting volume and tempeiature, it is to Gay-Lussac and 
Humbolt that we owe 0111 first definite knowledge of the subject 
These two philosophers deteimined the coefficient foi an imdei 
constant piessure, and later Gay-Lussac extended the observations 
to othei gases, pioving that the expansion was practically the 
same in every case (A de Gh et de Fli I 43, 1 >7) 

A glass bulb, sealed to a long capillaiy stem, was filled with 
ineiciiiy, and the gas was introduced so as to leave a pellet of 
meicury in the stem The bulb was placed in a metal vessel, 
which could be filled with ice 01 boiling watei, so that the stem 
projected in a hoii/ontal position thiough the walls The volume 
of the gas was indicated by the position of the pellet of meicury 
111 the stem, which was giaduated , the mean coefficient; for an, 
collected toi the expansion of the glass, was found to be 0 00J75 
'This numbei was accepted as conect till 1880, when it was 
shown by Pudbeig, a Swedish chemist, tliat the tiiie value was 
near 0 00 >65, pointing out that in Gay-Lussac’s exx^ciiments the 
bulb probably contained nioistuie The measinements were nnidc 
at constant volume 

As 111 the c<ise of many other physical constants, the iclation- 
ships of tempeiature, xnessuie, and ^olumo weio first accurately 
determined by Eegnault The mciease ol piessure at constant 
volume was deteimined by means of an apparatus consisting of a 
globe connected by a narrow tube with a meicuiy manometer 
The iiieiciiiy was brought to a mark 011 the manometer by moans 
of a screw adjustment, and the difference of height of the mercury 
in the two limbs was measuied directly The bulb was immersed 
in iqe 01 sunounded with steam, a correction was ap^ilied for the 
gas contained in the leading tube and 111 the top ol the mano- 
meter, which lemamed at the tempeiatiue of the air 

In the determination of the volume expansion at constant 
pressure, the limb of the manometer, which was connected with 
the bulb, was giaduated, and the volume of one division as well as 
that of the bulb and connecting tubes weie known The maiio- 
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meter was maintamed at coustaiit tempeiatmc m a w.iU'i-juckcl, 
and at each leading the nieicuiy was hiouglit Ui tlic s<um! h‘\i>l lu 
both limbs His lesults weie as follows - — ■ 



Vt constant 

Vt ( onst*uit 


Voliniie 

I’lessun 

Air 

0 003667 

0 ()Oh>7() 

Hydi ogen 

0 003667 

0 003061 

Nitrogen 

0 003668 


Carbon dioxide 

0 003688 

0 0031 10 


The lesiilts sliow that both the volume and ]nc‘s.sui(‘ c oi'llicuuilH 
vary 111 the differ ent gases, and that the two ( oiist.ints aie not 
the same, even lor a single gas As might be e\]K'( (ed, the 
difference between the two constants is of the .siiiue oidei and 
sign, as the \ariatioii ofym with p foi any paitieulai gas 

Eegnault also determined the lelatne expansion ol an and 
other gases by a differential method 

Of recent years more attention has been jiaid to the tlidei - 
mination of the piessuie coefheients, the deteinii nation of (he 
increase of piessuie produced by heating a gas .it eonshinl 
volume 

Von Jolly (P A 1874 , B 1880 , 2019, 4U1, V 1 106 Ib2> 
has obtained the following values for the piessuie coelhcientH of 
the principal gases — 


Hydrogen 
Oxygen 
Niti ogen 
Nitrous oxide 
Carbon dioxide 


0 0030502 
0 0036742 
0 0030077 
0 0037007 
0 0037060 


The values of the coefficient foi an dctei mined by Hemruilt 
Magnus, and Jolly, eoirected by Mendeleef (P 10, HI) show a 
very close agreement The mean, 0 003G700, may he taken is 
very near the true value 

of h^^torn' determiimtioiis of the jnessiiu- coelhcientH 

tdrogen, nitiogen, and carbon dioxide tlnat have vet been 

earned out Z u ^ f.* experiments, which have l,een 

miwml, des pads a mm, a TI,. ’ 

wre m.d. otpUm JZ“^ . “““""'to ''<■1^ 
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Coefficient it 0 C Picssiiie it O'" C' 
Hydrogen 0 0036624 1000 mm 

Nitrogen(atmospbeiic) 0 0036744") 1000 „ 

Oarbon dioxide 0 00372477 995 ,, 

„ 0 00371634 870 „ 

The coimtc %nteni((t%07}al have adopted as a noinial tlieimo- 
inetiic scale the constant volinne hydrogen tliernionaeter, having 
an initial pressure ol 1000 mni of meiciiry On this scale the 
freezing and hoiling-points of watei are 27') 04 and 37.5 04, 
and as it appeals probable that the value of the pressnie- 
coefficient is nearly independent of the 
temperature over a considerable range, a 
degiee of teniperatine has the same value 
at any point of the scale The volume- 
coefficient foi hydiogen under smiilai 
conditions is found to he 0 0036600, 
which gives 273 2' as the freezing-point 
of watei The Aaiiation of tlie volume- 
coefficient witli ])iessure is given by 
Aniagat as 

. =0 00000186 
pel atmospheie 

Chappuis has compared the nitiogeii 
theimometei with the noimal hydrogen 
therm omeiei Tlic variation between O' 
and 100'' is msignihc’ant, and at 300° C 
amounts to 0 07' 

In order to illusiiate the geneial piiii- 
ciples of the method by which the pressure- 
coefficient of a gas may he deteimined, oi 
by which tempeiatuie may lie deteimined 
by means of a constant volume gas- 
thermometer contcunmg a gtis whose pres- 
sure-coefficient IS known, some experiments 
cairied out l)y Kuenen and Eandall {FJnl 
Mag 1895 j will be desciilied The ap- 
paratus employed is shown in Tig 87 The bulb a, which 
was 120 mm long and 22 mm in diametei, was sealed to a 
capillary stem, and was connected thiough a stopcock with the 




experimental study of gases 


CHAP 


150 


rubber tube c, leading to a meicuiy reservoii, and with an 
appaiatus tor the introduction ot the gas (p 300 ) The 

rubber stopper e was placed on the stem "before it was sealed 
to the bulb 

The leseivoii was hist filled with meicuiy, and laised till 
the meieury lose to the level ot the top ot the lubljei tube, 
the tube was then closed by means of a lubbei pinchcock The 
u b was theu exhausted, the gas intioduced, and the side-tube 
, which had previously been diawii out to capillaiy diameter, 
sea ed in the blow-pipe flame The piessuie ot the gas in the 
bulb at the ordinaiy teinpeiatuie was about two-tliiids of an 
atmosphere 


The bulb was first suiiounded with melting ice and then 
heated in a Ilainsay and Young vapoui-jacket to the tempeiature 
0 re vapour of certain puie liquids, of which the lioiling-points 
were accurately known The tempeiatuies were controlled by a 
series 0 expeii merits in winch the bulb ot the theimonietei was 
lied with air The vapour-]ackets weie protected fionr air 
currents by means of a screen The method of uieasuimg the 
pressure 011 the gas consisted in bunging the meicuiy to a point 
on the wide tube above the tap and ]usb below the capillaiy 
The veitical height of the mercury column was read by means 
of a scale and telescope Corrections veie .ipphed for capillarity, 
and lor the temperature of the meicurj 

The volume of the bulb was deteimmed, and also the volume 
of the stem outside the vapoui-iacket , tlie volume of the lattei 
amounted to about of the whole, it was corrected lor 

T e volume expansion ol the bulb was determined for another 
piece of the same glass by the weight thermometer method, the 
expansion was taken to be a linear function of the tempeiature 
ihe following results serve to rndicate the accuracy ol the 
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Boiling 


IVinpciature Calculated 
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Exp uisioii, 

Chloio 
bt lutiie 


Qmno 

line 

Bromo 


Pi( SSUI6 in inni 

0 100 

Aniline 

naptha 

line 


of M( icin\ 






Hydiogeii 


712 56 


131 6 

183 9 

236 35 


An (a) 1 


737 74 


131 S 

183 9 

(234 9) 

281 65 

Helium, D = 2 18 

567 02 

775 18 

0 008665 

132 2 

184 1 

236 9 


Aigou (a), D = m 9^ ' 

517 02 

70b Ob 

0 003668 

132 15 

184 1 



Algol! (h) 

529 54 





237 8 

281 5 

Alt (&) 

Raimay and Young 

511 68 

698 79 

0 003663 



237 1 


{0 S J. 47, 640, 
66, 483^ 




1 132 1 

184 4 

237 4 

280 4 

I 


The hoilmg-poiiifc of water was detei mined fiom the measure- 
ments of Xohhausch 

The same instiiiiiient has been employed m the measurement 
of low tempeiatiues by Ols/ewski and others, but though m 
pianv cases the lesults appeal to be veiy concordant (p 156), their 
absolute value may sometimes be questioned, since the coirection 
to be applied foi the volume of tlie gas 111 the part of the stem, 
wliicdi IS not cooled, and foi the conti action of the glass, are 
soine\vhat difficult to deteimine Mr Jhily has deteimined the 
eontiaction of glass l)etween the atmo*>pheiic temperatuie and 
— 1 80" with the following lesults — 

Volume^ coethticiil about noiinal temi)eiatiiie 0 0000285 

,, hetAveen (F md — 150“ 0 0 0000219 

'Fho lesults show that the coefficient cannot be considered as con- 
stant down to the tempeiatuie of liquid an 

The (ov\i)enb(xte(l umsiant-p) PbHm e (jas thamometei — In older 
to eliminate the collection foi the uncooled portion of the stem 
of the theimometei, Callendai {Pioc Eoy Soc 50 , 247) has 
mtioduced an instiument which I shall desciibe in detail, as 
it IS capable of giving lesults of the highest accniacy The 
thermometer is o1‘ the constant pi essui e type, the pressure of the 
gas being adjusted, and the \olunie measuied at each experi- 
ment The instiument, which is shown in Fig 88, consists of 
two paits, B a burette connected by the capillary tube a with 
the thermometei bulb A , and a bulb C, also sealed to a capillary 
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tube h, winch is of the same dimensions as, and is bent 

similaily to a The two parts 
ot the instiimient aie con- 

a nected to the two limbs of 

"3t. -5 rlllll ^ <lifieiential manometei 

r\ ^ r 1) The leadings aie tal.'eii 

[pji measuiing the volume of 

gas in the burette aftei 
: I adjusting the level of the 

' I I meiciny till the pressuie in 

y tlie two paits of the ap- 

paiatus, as indicated by the 
differential manometei, aie 
® ^ equal 

» The conditions iindei 

^ vlnch compensation is pei- 

[| simple They 

II are — (1) That the two sets 

Jl of connecting tubes, the 

burette B and the bulb C, 
Fig 88 should be at the same mean 

tempeiature, (2) that the 
mass 0 gas ni the two paits of the instrument should be the 
same, (o) tliat the pressiiies should be adjusted to equality 

Where V„ = volume of air in bulb C, 
i)i„ =niass of air in bulb 0, 

B:, = temperatuie of air in bulb C on the air scale 
V« = pressure of an in bulb C, ’ 

1 = volume of connecting tubes, 

B = temperature of connecting tubes on the air scale, 


where \ is a constant 


V cl balb A, and 6, its temperature, 

Ir-mi of f ™ B, and its temperature 

nit - mass of an in therinometnc bulbs and burette 

Pt -pressure of air in thermometric bulbs and burette 
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And since — m and =2^n 

Of 6o 

By keeping the standaid pressnie bulb V> and the buietio at 
the same tempeiatnie 


It lemains to give a detailed description of the constiiictioii of 
the apparatus and the method of using it The dimensions of the 
bulbs A and C will, of couise, depend upon the purpose to which 
the instillment is to be applied When employed as an an thermo- 
metei in nieasuiing tempeiatmes not far distant fiom the normal, 
when the bulb is immersed in a liquid which is w^ell stiiied oi 
which IS boiling, a capacity of 50 cc is a convenient dimension 
In the measuieinent of low tempeiatures, and in cases in which 
it IS difficult to maintain a consideiable space at the same 
teinperatm e, the bulo should be much smallei The lange of 
the instiument will also depend upon the relative si/es of the 
bulbs, foi it the bulb A is not consideiably smallei than the 
bulb 0, it will be impossible in measuiing low tempeiatmes to 
adjust tlie piessure on the two sides oi the instiument to 
equality by allowing meicuiy to entei the lunette, the two 
masses of gas being equal to one anothei 

The inanometei is shown in the figuie detached from the 
lest oi the appaxatus so as to make its stiuctuie clear The 
tubes ( cl aie connected with two U - tubes of about 1 5 mm 
diametei which lie in the same veitical plane The tubes aie 
sealed to two-way stopcocks, so that they can be hlled with 
sulphuiic acid and mercury respectively aftei the apparatus 
has been exhausted and the gas introduced The veitical limbs 
of the mnei U - tube, which contains the sulphuiic acid and by 
which the final adjustment of the pressure is made, he as 
close to one anothei as possible The outei U - tube contains 
meicuiy, and is employed m roughly adjusting the pressures to 
equality, it maybe dispensed with if the adjustment is made 
by means of a meicuiy reseivon attached to the buiette by a 
rubber tube 

The apparatus maybe exhausted, and the gas in ti educed by 
means of a two-way stopcock E, connected with both sections of 
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the instiument which, foi convenience, may also connnunic<ite 
thiough a second stopcock 

The biiiette B may be giaduated, and the leadings (V,J may 
be obseived diiectly by means oi a telescope In this (\ise the 
burette is connected, thiough a stopcock and piece ol iul)bei tube, 
with a meiciiiy leservoir, and the sulphuiic acid is bioiight to a 
level in the two limbs of the U-tube l)y laisiiig oi loweiing it 
Muie aecuiate measiiiements can, liowevei, l)e made l)y Idling 
the burette with meicuiy to a point on the cajnllaiy tube, and 
lunning the mercuiy into a weighed vessel till the jiiessuies aie 
brought to equality The volume Y,,, is obtained fiom the weight 
of the meicury, the meicuiy manometei lieing used in the fust 
instance for the adjustment of the piessiiie If the ])uiette is 
connected l)y one tube of a two-way stopcock with a meicuiy 
reservoir, it can at once be refilled with meicuiy lor a second 
observation It is of couise necessaiy to tuin the two .stoi)eockR 
on the sulphnnc acid and mercuiy gauges dining tins opeiation 
to prevent the acid or meicury from hemg foiced into the Inill) (’ 

The appaiatus may he set up as indicated in the figme The 
huiette and the bulh C are enclosed either iii ,in an space 
])etween sheets of glass, in a watei -jacket, oi in a vesstd con- 
taming melting ice , the temperature 6, is read on a theimometei 
placed between them The connecting tubes may he covered 
with cotton wool 


The operation of filling the instiument with gas may he 
earned out m the following mannei The appaiatus is lust 
exhausted and allowed to lemaiii m coiinectioii with the pump 
for some time to leinoie traces of inoistuie, and to show whether 
It IS perfectly gas-tight It is then filled with pure an, or with 
hydrogen from palladium (p 43), and before the stopcock con- 
nec ing the two sections of the apparatus is closed the le\el of 
the meiciiij in the hiuette is set so that the volume of each 
ion IS le same, and the whole appaiatus is left to itself in 
a loom m which the temperature is constant If a very Inch 
de^ee of accuracy is desired, the burette and the compeifsatim^ 
and theimometei bulbs are surrounded witli melting ice The 
Stopcock can then be closed ° 

The alsolute s<ale of tevipemtm c —The teiins absolute zeio 
and absolute temperature, intioduced by Lord Kelvin in 1848 aio 
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It may be well to &ay a woid oi two with legaid to their 
significance 

In the simple gas equation 


PV = RT 


the tempeiatuie, T, is reckoned fiom the zeio of the perfect gas 
thermometei, and if the degree of tempeiature be aibitianly 
defined as one-hundiedth pait of the diffeience between the 
melting-point and boiling-point of water under noimal pressure, 
these points will he close to 273'" and >73° on the absolute 
scale (see p 149) 

As fai as is at pieseiit known, oi is indeed possible on 
theoietical considerations, no gas obeys exactly the simple laws 
Consequently, if the value of a degree of tempeiatuie is maintained, 
the absolute tempeiatures of tlie melting and boiling-points of 
watei will only approximate to the temperatuies expressed on 
the scale of a gas theimometei To deter mine the exact relation- 
ship lietween a gas scale and the alisolute scale of temperature, a 
complete knowledge of the theimo-d\naniic properties of the gas 
would be necessary The relationship of temperature, pressure, 
and volume should be determined over a considerable range, and 
the Joule-Tliomson eliect (p 188), whicdi gives m a sense a measure 
of the perfection of the gas, should be known Unfortunately, in 
the cases of h}diogen and helium, we have no accuiate knowledge 
whatever m this direction In the first ease the gas employed 
has always l)een very impure, and nr the second no experiments 
have yet been attempted It appears probable that helium and 
hydrogen approach very nearly to the perfect gas, since the \alue 
oipv for them a])pcars to vai) only very slightly from the normal 
over a considerable laiige of piessuie Olszewski’s observation 
that the leadings of constant- volume thermometers filled with 
hydiogen and helium agree exactly down to the boihiig-point 
of liquid oxygen suggests that in neither case is the difference 
between the gas scale and the absolute scale of any magnitude 
It is highly improbable that if any great divergence occurred it 
would be the same in both cases 

In these experiments Olszewski employed two constant 
volume theimometcis of 10 cc capacity The following figures 
indicate the nature of the agieement between the results, though 
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they must only bo taken as oompaiative, and not as diiect 
Hieasurements of tempera tuie 


Yapoxir presbuu 
of liquid 
741 
240 
90 4 
12 
9 


Temperature bj 
bclinm thermonietei 
- 182 6 
-1918 

- 1987 

- 209 3 
-21057 


Tempciatiiie 
lijdrogeii thumonitter 
- 1826 

- 191 85 
~ 198 75 

- 209 2 
■ 2106 


It may be added that helium appioaches most neaily to the 
ideal thermometrie substance, and, indeed, tuimshes the onlv 
means oi measuring accurately temperatures about and below 
the boihng-poiiit ol hydrogen Foi such purposes the helium 

Zft E 

bicrE t S‘is cannot undergo dissociation at 

gi tempeiatuiea, and does not pass thioiigh the wall of a red- 
ot platinum vessel, as does hydiogen, it may also be applied to 
tlie measurement of high tempeiatuie's 

Foi the actual measiuement of tempeiatiiio it appears 
probable that the constant -volume theimometei gives fesults 
w mb approximate to the absolute tempeiatmes Aceoidmg 
an clei Waals, the pressure-coefficient at constant volume is 
independent of the temperatuie, the equation 


2 )^ 


becoming 


R a 

I7P+-1 (P 177) 


p = XT, 


Tho^ab^tb gases iiiulei noimal pressure 

probaWe tl L'fl "1 temperatures it is 

probable that the demations at low temperatures are of a lower 
order than the eirors of experiment 

beeniimntPrf majority ol eases, as has already 

p nted out, the piessure-coefficient between 0° and 100° is 

zer^ T boihng-points are not far below 

zero Sulphur dioxide shows a considerable variation m the 
piessine-coefficient (Amagat, C 1 7d, 180) 


0” - 10° 
10° - 20° 

50° 

100 


0 00423 B 
0 004005 
0 003846 
0 003756 
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V Mayer and Langer {Pywnieti ische Untei buchen, 1885, and B, 
1885, 1501) have shown that at high tempeiatiues snlpliiu 
dioxide and nitiogen do not show the same expansion It would 
appear that under these conditions the polyatomic gases, and 
perhaps even the diatomic gases, dissociate 

The Q elahoubhip of tempe') ahn e, piessioe, rnid volume %n laie- 
fed gases — Until recently no method has been devised for the 
determination by direct measurement of the piessuies exerted 
by larefied gases, and, indeed, when the pressure becomes equal 
to a column of mercury less than two 01 three millimetres in 
height, it becomes difficult to obtain accurate 01 concordant 
observations 

The McLeod gauge — This instrument (Fig 89) was designed 
with a view to measuring the pressure exerted by rare- 
fied gases The cylinder A, which terminates in a closed 
capillary tube C, is connected through the trap F] with 
the apparatus under exhaustion through the tube 1), and 
with a mercury reservoir attached to B The capillary 
is graduated and calibiated and the capacity of the 
apparatus to the lower opening of the trap is known 
the tube D is also graduated The whole apiparatus 
may, if necessary, be enclosed in a water-jacket 

In taking a reading the reservoir is raised so that 
the mercury rises in A and T>, forcing the gas contained 
in A into the capillary Between measurements the 
level of the mercury is kept just below the tiap It 
is found that if the mercury is allowed to fall any 
distance below the trap when the leservoii is raised 
air IS drawn through the tiap into the chamber A 
The volume of the gas is then read off, and the pressure 
on it IS directly determined from the difference of level 
of the two columns of mercury 

If it weie possible to make the assumption that the 

law 

PPi 

holds good over wide differences of pressure, since the 
initial and final volume and its final piessure are known, 
it would be possible to calculate its initial pressure, and it is 
only on this assumption that the McLeod gauge serves to measure 
piessure It does, however, serve to determine the volume of gas 


/ 




Fig 89 
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asured at noimal teinperatixie and piessuie whicli fills a 
■tially exhausted space 

The relationships of tempeiatuie, piessuic, and volume of 
efied gases, and the efficiency of the McLeod gauge, were 
de the subject of a thorough investigation by i‘rofessor 
aisay and Mi E 0 0 Baly, a histoiical of tl 

jeet will he found in then papei With legard to the 
Leod gauge, it was found to be utteily untiiistwoithy as a 
ins of iiieasiiring low pressuies m the case of an oi caibon 
ude It appeared that consideiable suikce condensation 
1 place, aiKl that the magnitude of tlie eiioi so iiitioduced 
led not only with the extent of the surface exposed to the 
but with the nature of the glass, no two gauges evei gave 
parable results With hydiogen, howevei, the case was 
irent Perfectly concordant leadings weie obtained, and by 
paring tlie readings of the McLeod gauge with the pressuies 
Gated by a inanometei, it was found that for piessuies 
^een 650 and 2 5 nnlhineties of ineicury pv had a cunstaiit 

As It was found impossible to observe With any acciiiacy 
sures smaller than 2 5 millimetres, no direct evidence that 
value of pv at lower pressures remained constant could be 
.med By measuring the quantity of gas in an apparatus of 
J?n volume after a known numbei of strokes of a pump of 
vn capacity it appeared, however, that the expansion was quite 
lar, no surface condensation took place down to a 

sure of 0 000076 inilhineties Consequently, when working 
■ T""' Probably also with helium, neon, aigon, 

the McLeod gauge may be depended upon to a ceitaiii 
nt 

With Ccmbon dioxide marked indications of surface condensa- 
weie observed, and after a time further pumping did not 
ar to reduce the pressure, which had apparently become 
0 the vapour pressure of the condensed gas This result 
confirmed by admitting a known volume of caibon dioxide 
le exhausted apparatus, and observing the pressure recorded 
le McLeod gauge 

[t inay be well to mention here the curious anomaly first 
vec by Bohr m the expansion of oxygen At 0 7 mm the 
are becomes erratic, and it is quite impossible to obtain 
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concoi (lance between two consecutive readings till some days have 
elapsed It would appear that some mtimsic change takes xdace, 
X')robahly dissociative, and some time is re(][iiiied lor equilibrium 
to be, established The gas behaves regularly at lowei piessuies 

The coefficient of expansion was deteimined by jacketing one 
of the two gauges with the vapoui of a boiling liquid The 
following IS a summary of the results 

(i ) The coefficient ol expansion of hydrogen is normal down 
to 0 1 millimetres, at lowei pressures it decreases 

(ii) The coefficient of expansion ol oxygen is greater than 
the noimal It increases to at 1 4 millimetres, at 0 7 
millimetres it becomes erratic, but appears to increase steadily at 
lowei pressures 

(ill ) The coefficient of expansion of nitrogen is lower than 
the noinial at piessuies between 1 and 5 millimetres , it decreases 
at lowei piessures 

At the close of then paxiei, Messrs Baly and liamsay discuss 
the x>iohability of a limiting value to the jiiessuie excited by a 
larefied gas On the basis of the kinetic theory gas xnessuie is 
assumed to be caused l)y inqiact of the molecules ux)on the walls 
ol the containing vessel, and when eiieigy is coimnuiiicated to the 
gas it is paitially tiansloimed into iiiteinal and paitl} into trans- 
lational enctg} It IS x^o^Mble to conccnve ol a condition ol 
laielaction m which the whole, oi nearly the whole, of the cmngy 
IS transloimed in the molecule itself, giving use Xieihaps to the 
phenomena cdlied to phosjdioiesceiice In the gas cciuation “p” 
would then assume a lower limiting value, such a condition 
would obtain in the limiting layer ol the atmosxilieie 

Loid ILiyleigh (I^}oc Ilou Soc 1901) leleis to an apjjiaiatus 
ioi the direct measuiement of very low piessuies , the details 
have not yet appeared His lesiilts ajipeai to show that the 
xxilue ol ''yo'' leinains constant m the case of the cominonei 
gases down to veiy low pressures, and he failed to ohseive the 
irregularity m the expansion ol oxygen at a jnessure of about 
7 mm 

For the molecnlm lueight of ga^es at low jiressuie, see j) 140 

The ejbha%iStion of glass atiis — In the exhaustion of glass 
apparatus it is necessary to take into consideiation the condensa- 
tion ol gases and of moisture on the suiface of the glass In 
order to eliminate any chance of the piesence of hydrocarbons, oi 
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oi any quantity ot oaibonic acid, the appaiatus should he thoioughly 
cleaned befoie it is attached to the pump After sealing the appai - 
atus to the pump it should be paitially exhausted, and allowed 
to stand for a time in older to peimit of tlie absoiptioii of water 
vapoiii by the pentoxide of phosphorus Duiiiig the lattei stages 
of the exhaustion a few moments should be allowed to (‘bqise 
between each stioke of the pump, in ordei to allow iimt^ loi tb(‘ 
equalisation of the piessuie thioiighoiit the appaiatus 

It has alieady been pointed out that aftei a tune, it the 
appaiatus contains caibon dioxide, a limit of exhaustion is i (‘ached 
Foi the production of high vacua it is necessaiy to thoioughly heat 
the vessel under exhaustion either with a Ikinsen buin(‘i oi by 
enclosing it in an asbestos oven The caibon dioxide may l)e 
“washed out” of the apparatus by admitting a simill (juantity of 
pure an and le-exhausting The exhaustion of glass appaiatus 
will be dealt with furthei in the chaptei on spectiiim analysis 


1 



CHAPTER XIV 


RELmONS OF TEMPERATURE, PRESSURE AND VOLUME OVER WIDE 
RANUES OF PRESSURE AND TEMPERATURE 


Bo3/le s law — Despietz’s cxpeiimeiits — Pouillet’s e\peiinients — Dnloiig and Aiago — 
Regiiiults e\peiinients, the value ot constant temx>eiatiiio — NTatteieiS 

i\|)cuments — Cailletets e\x-)eiiments — Aniagat’s e\X)ciimeiits and the aX)X)lica- 
tion ot Ins lesults — Kaimneilmgh Onnes’ staiidaid inanometei — -Obsei vations 
ot Cigniaid Litoin — Andiews’ iii\ e^tigations — The ciitical state 


From the time ol the discoveiy of the law connecting pressuie and 
\ oliime by Poyle and Maiiotte about the yeai 1 G G 6 ii^^ to 1 8 3 7 , its 
idj'soluLe value had lemamed unquestioned In that yeai Despietz 
succeeded in showing that at a piessuie ol hlteen atmospheres 
hydiogen was less conipiessible than caibon dioxide and sulphui- 
ettecl hydiogen lie employed a diheiential method The gases 
weie conhned o\ei ineicuiy m smiilai tubes, which weie enclosed 
in a glass vessel containing watei , the pressuie was applied by 
means ol a sciew piston The method was altei wards impioved 
by Pouillet, who hist employed the metal compiessioii chamber 
<ind sciew plimgei , the capilLiiy tubes containing the gases 
piojected thiough the wall ol the chambei 

Dulong and Aiago weie the hist to apply the diiect pressure 
ot a column of meicuiy to the compiessioii ot gases, hut their 
lesults tailed to indicate any deviation from Boyle’s law 

Latei, Eegnault undertook the study ol the compiessibihty ol 
gases, and m a long senes of expeiiments succeeded in determining 
the deviations fiom Bojle’s law with consideiable accuiaey 
Regnault’s lesulls have now been siipeiseded, but they aie ol 
consideiable histoiical importance, and seived with suhicient 
accuiacy as a basis loi his leseaiches on the specific heats ol gases 
<ind 111 uthei investigations 

Regnaiilt’s appaiatus closely lesemlded that ol Eulong and 
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Arago The manoinetei coiifeisted of a seues ol thick-walled 
glass tubes joined in to a height of dO ineties, and set at then 
base into an non vessel, which was also m conniiinncation with 
the tube eontaiiiiiig the gas, and with a ioiee-puinp The pump, 
which was intended to tiaiismit piessuie to the meicui} m the 
lion chamber by means of watei, could be cut off by means of 
a stopcock when an observation was being made Tins w.is 
essential on account of the iiieom enience caused by leakage 

Since the negative lesults obtained bj Aiago and Dulong 
might be accounted foi by the fact that when the gas i,s conn 
piessed to small volume, the eiioi of obseivation becomes a 
considerable pait of the whole, and coinpaiable with the (leiiatmii 
to be sought foi, Eegiiault devised aiiothei method The com- 
pression tube was not sealed at the top, but w'as connected bi' 
means of a stopcock witli a vessel coiitanmig the gas to bo 
examined undei piessuie Theie weie two divisions on the 
manometer tube marking equal volumes fiom the stcqicock The 
method of observation was as follows 

The compression tube and maiiometei weie filled with nieicuiy, 
and gas was admitted till the meicuiy fell to the level ol the 
fiist maik , the stopcock was then closed, and the piessuie was 
adjusted and observed The piessuie was then allowed to f.ill 
until the gas had expanded to fill the tube to the second iiiaik, 
and a second obseivation was taken In this way it was possible 
to obtain a seiies of lelative values of pv, and eliminating such 
errois as might he connected with the lueasuiemeiit of volume, 
the accuracy of the manometer leadings was about 0 5 nun It 
was necessary to apply corrections foi the tempeiatuie of the 
mercury column, and for the haiometiic pressuie at the surface 
of the mercury 

Regnault’s results proved conclusively that in the majority oi 
cases the compressibility was greater than was stated by Eoyle s 
law In the case of hydrogen, the “ gas 2 :)lus giie paofait” it was 
less (see also p 197) 

The lelationship of pressure and volume over wide rauf'es ol 
pressure was first studied by Hatteiei The results of Ins in- 
vestigations are published m the Sitzwigshet lelitc da TViaha 
Ahademe Poggmdoofs Annalen between the years 1844 

and 1855 The gas was compressed into a wrought-iioii vessel 
by means of a pump, and the pressuie was transmitted through 
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meiciiry to a loaded piston, which acted as a manoiuetei The 
lowei surface of the piston was hollowed, and the edges, turned to 
lazoi sharpness, formed a thin niig of metal, which was piessed 
hy the liquid against the walls of the eylindei, foinuiig a good 
joint This aiiangenient, which had pieviously been exnployed in 
expeiiments on liquids undei piessuie, was afteiwaids modified 
by Ainagat, and applied to the measmement of veiy high piessuies 
Watteiei’s results can only be taken as pointing qualitatively to 
a divergence fiom Boyle’s law m the case of all the gases 
examined 

Cailletet, to whom much of oui knowledge concerning the 
conipiessibility and liquefaction of gases is due, also conducted 
a series of leseaiclies on the same subject In his eailiei expeii- 
ments the gas was confined in a coinpiessioii tube (Pig 98), and 
the piessuie was applied by tuimiig a screw, as m Pouillet’s 
apparatus The pressure was measured by reading the rise 
of mercury 111 the stem of a thermometer with a sjiheiical 
bulb which was contained inside the apparatus In Ins later 
expeiiineiits the tube which contained the gas was coinjiletely 
enclosed 111 a steel vessel, winch was connected through a long, 
flexible steel tube with an open lescivoii cuntaiumg mercury 
The tube was wound 011 a drum 2 metres in dnimetei, fixed on a 
vertical axis, and the case (ontaming the compiessioii tube was 
lowered into an aitosian well On the inside of the glass coni- 
piession tube a thin film ot gold Inul been deposited, winch was 
dissolved by the mercury, and served to indicate the volume to 
which the gas had been conipiessed The pressure was deter- 
mined by measuring the vertical height of the mercury column in 
the steel tube This amounted 111 some cases to 500 metres of 
mercury — 


Valuii of 211 ’ AT 200 Atmospheres ior Air 


Natterer 

1 01 

Cailletet 

105 

Ainagat 

1 07 


It appears probable that the results obtained by Amagat for 
the compressibilities of nitrogen, oxygen, air, and carbon dioxide 
are most to be relied upon The experiments were commenced 
in 1878, and the results are to be found in the GonxfUs oanchia 
(1878, 87 , 4J8, 1879, 88 , 330, 89 , 436, 1884, 99 , 1153) 
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The experiments aie desciibed in detail in the Amiales (h Chemie 
et cle Biijsique (1880, 19, 345 , 1881, 22, 313 , 1883, 28, 456, 
4G4) A u§mn6 of Ins lesearches was 2 '^^^hlished in the same 
jotiinal in 1893 

Amagat's method was siniilai to that of Itegiiault, only the 
tube which foimed the manometer was of steel, joined in sections 
to a height of 3 30 ineties in his later expeiiments The appai- 
atus was fiist set up at Lyons on the face of a clilf above the 
Saone Latei it was lemoved to the shaft of a coal-pit at 
Verpilleux neai St Etienne, wheie it was possible to obtain a 
veitical height of 340 metres 

A section of the apparatus is shown in Fig 00 The gas 
was contained in the glass compiession tube A, the cajiillaiy 

portion MM of which passed thiougli 
the cap of the compiession chambei, 
leakage being axoided by packing 
the space 5 with gieased leather 
washers The capillary tube MM 
was suiiounded by a water -jacket, 
and a ciuieut of water entering at 
ni and escaping at B maintained it 
at constant tempeiatuie The spaces 
inside the appaiatus contained 
mercury, and communicated through 
a screw -down cock with a stioim 

o 

uou vessel, also contaiumg ineicuiy, 
into winch glyceniie could he 
pumped In this way the luercuiy 
was foiced to use in the steel tube 
CC, which enteied tlie appaiatus 
thiough the cap p. The tube was 
of about 2 millimeties lutenial dia- 
meter, and the sections of it, which 
wei e about 25 metres long, were 
connected by sciew unions, and seemed by clamps to the non 
pipe which supplied air to the lower galleries of the mine 

The capdlary poition of the glass compiession tube was 
giaduated, it was about 50 centimeties long and 1 nullimetie 
inteinal diameter To eliminate eiiois in ohsei\atiou, due to the 
small volume occupied by the gas at high piessures, three tubes 
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of diflerent capacities ^\ele emplo}etl The tubes weie capable 
ot withstandiDg a pressuie of 500 atmospheies, but then actual 
expansion under high piessuies was not deteiimned 

In making an expeiiment it was necessaij to mount in the cage 
to the height at which an obseivation was to be taken One oi 
the unions between two sections of the steel tube was then 
unscrewed, and the upper tube was replaced by a cap cariyrng a 
glass cylinder Then mercuiy was thus laised by the puinj) 
below till it entered the glass vessel, and readrngs of the volume 
of the gas and of the vertical height ot the mercury column were 
taken simultaneously The height of the barometer at the uppei 
level, and the temperature of the mercuiy, as indicated by thei- 
mometeis placed 30 ineties apart, were also deteiniined The 
latter only varied very slightly, as theie was but one shaft to the 
mine The veitical heights were measured by means of a steel 
wire, and weie afteiwaids referred to a scale 10 irieties long 
lire extension of the wiie was also determined 

These experiments form the basis of nearly all modern expen 
mental work in\olvmg the measurement of high piessuies, and 
from this point ot \iew they are of the highest importance The 
relationship of pressure and \olunie at 15"^ C w^'ere only detei- 
mined directly by means of the appai<itus ]ust described m the 
ease of atniospheiic nitiogen, which was veiy lightly taken as the 
standaid gas The results ol)lamed with oxygen, an, and caihoii 
dioxide aie none the less reliable, but iii the case of hydrogen the 
gas was obviously iinpuie Ainagat states that the gas was 
obtained by heating togethei oxalic acid and soda Imre , foimie 
acid was probably used, and m this case the gas wmuld contain 
at least 20 per cent of car])on monoxide On the basis of these 
results Saiiau calculated the critical constants of the gas by means 
of Van del Waals’ equation 

KTiTPiOGEN — (a) The values of PV at pressures l)etweGn 30 
and 43)0 atmospheres were determined by means of the open 
manometer m 1880 The results are expressed in terms of an 
empiiical value of PV at 30 atmospheres (h) Tlie values of 
111 teims ot PV at noiiiial pressure equal to unity, between 20 
and 65 atmospheies determined by a similar apparatus erected iii 
a cliiiich towel at Fouivieis m 1884 

The following table contains the values of PV for nitiogen 
at 15° C between normal pressure and 220 atmospheies The 
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values at 5, 10, and 15 atmospbeies aie obtained fiom llegnault^s 
observations llie values of PV at the liighei piessuies have 
been i educed fioin Ainagats einpiiical values, which aie given in 
italics The agieenient between the two senes is veiy good 


Series I (h) 


(meti es) 

PV 

0 76 

1 0000 

5 

0 9981 

10 

0 9963 

15 

0 9946 

20 

0 9930 

25 

0 9910 

30 

0 9908 


P (metits) 

PV 

35 

0 9899 

40 

0 9896 

45 

0 9895 

50 

0 9897 

55 

0 9902 

60 

0 9908 

65 

0 9913 


20 740 
‘)o 3J7 
10 
45 

47140 

50 

55 

60 

01 241 

65 

09140 

70 
7 5 
80 

82 070 
85 
90 
95 

Ob 41^-1 
90 008 
100 
110 
120 

128 296 
130 
140 
150 

ltj8 oOo 
160 


Series II (ti) 

PV (leHtue) 
r50989 
50897 


0O8II 


50087 

30895 

50939 

50087 


51220 


51602 
5159 ^ 


52860 


5421 i 


PV (Vat 0 76 m =1) 

0 9024 

0 9908 
0 9898 
0 9891 
0 9891 
0 9892 
0 9898 
0 9906 
0 9910 
0 9915 
0 9925 
0 9927 
0 9941 
0 9958 
0 9971 
0 9978 

0 9993 

1 0018 
10045 
10043 

1 OOG6 
1 0148 
1 0233 
1 0301 
1 0314 
1 0397 
1 0480 
10552 
1 0566 
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p 

PV (iclitut) 

PV (Vat 0 7b m =1) 

170 


1 0G55 

180 


1 0752 

190 


I 0860 

100 S6\j 

IjlJSoO 

1 0871 

200 


1 0970 

210 

• 

L 1085 

220 


1 1207 

Al 10] 

ol 700 

112o0 


When these lesults aie plotted it is noticed that the value of 
at first deci eases, and attains a mmimuin at about 55 ineties 
Between 55 and 100 meties the value of pv inci eases veiy 
lapidly, and between these limits nianonietei leadings would not 
indicate the piessme with any gieat accuiacy 

-Rdafiomlnp of picswic and volume foi ai) a>t 15° — The 
Vcdues of jn’ between 20 and 65 meties, expiessed in teims of 
the \alue at atmospheric piessuie, aie taken fioni Amagat's 
latest papei {G v , 1884, 11 V>) The values at 5, 10, and 15 
meties weie calculated fioni Ifegnault’s results by Piof Sydney 
Young, who also points out that the figuie 0 9832 for the value 
of //I at 35 meties is piolialfiy incoiiect , the tine value obtained 
])} thiee methods of inter polaiion a])peais to be 0 9 8305 The 
v<dnes of foi piessuic <il)o\e 0 5 inetieb are taken fioni 
xVmagat’s eailiei results (A th (^Ji , 1 880, 375), they were 
obtained 1)^ compaiing the nitrogen and air manometers The 
values of jjr m the second senes are lediu'ed to the same 
standard, jw at atniospheiie piessuie ecpial to unity, from the 
lelationslups of the inteipolated values at 5 5, GO, and 05 metres 
The agreement between the twv) senes is * good, although 111 the 
second senes the temperature was 22" 


Serifs I 


P (imtKs) 

PV 

P (metres) 

PV 

0 7G 

1 0000 

25 

0 98365 


0 9977 

40 

0 9824 

10 ^ 

0 9951 

45 

0 9815 


0 <)9255 

50 

0 9808 

20 

0 9901 

55 

0 9804 

25 

0 9876 

60 

0 9803 

10 

0 9855 

()5 

0 9807 


^ In Dili Regiiault’s incasurmeiit 
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P (meties'i 

Series II 

PV (lelatue) 

PV fPV cit 0 76 m -=1) 

2o 

20701 

OS 11 

50 


0811 

55 


0810 

OJoO 

207 US 

USJO 

60 


0807 

bi (K) 

207 7 S 

OSf/h 

65 


0806 

70 


0800 

72 16 

26792 

0811 

84 22 

26840 

0820 

10147 

27041 

0901 

133 89 

27608 

1 0110 

177 60 

28540 

1 0452 

214 54 

29585 

1 0810 


The appaiatus employed in determining the compies&i- 
bihties of air, oxygen, etc , only diffeied fioin the one desciilied on 
p 164 in that in the place of the open manometei, the clnmihei 
containing the compression tube was connected with a second 
steel vessel containing a compression tube filled with iiitiogen to 
act as a gauge, and a screw plunger was employed to facilitate tht‘ 
final adjustment of the pressure Two nitrogen manometers wei(‘ 
used, one indicating pressures below 130 atmosplieies, the othei 
pressures above 100 atmospheres So as to make coitam that 
the two sets of results were strictly coinpaiable, l)Oth manometei s 
were placed at once in the compression appaiatus, and leadings 
were taken between 100 and 130 atmospheies In deteinuning 
the compressibility of a second gas the, mercury in the nitrogen 
manometei was always brought to a point at which an actual 
observation had been made against the open manometei 

The effect of temperature on the compiessibihty ol gases was 
also investigated, in some cases a series of isothermaLs weie 
determined 

Amagat lias also determined the relationships of temperature 
pressure, and volumes up to 3000 atmospheies The methods 
employed are described in the 'iesumd of his more impoitant 
reseaiches in the Amiales de Ohemie et de Fhysique for the year 
8J3 The values of Y and PV coiiesponding to every 100 
a mospheres up to 3000 atmospheres are given at 0^ 10", and 
45 for hydrogen, nitrogen, and an and at 0" and 16" for 
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oxygen the xolumes at r>000 atmospheies piessiue, m teiins of 
unit volumes undei stancUid ^ ^ ^ 


conditions. 

foi these 

gases 

aie as follows — 



Volume 

t 

Ovjgen 

0 0012960 

15 6 

Hydrogen 

0 0010125 

15 4 

Nitrogen 

0 0015225 

16 0 

All 

0 0014660 

15 7 


The values of V and PV 
for the same gases corre- 
sponding to eveiy 50 atnio- 
spheies up to 1000 atino- 
spheies is also given at O'", I 
16°, 100", and 200" C I 
Foi a desciiption of the I 
method employed leleience I ^ 
must be made to the 01 igmal I 
papei , it will suffice to I 
state heie that the piessme I 
applied to the suilace ol a I 
laige piston was tiansmitted I 
thiough a piston oi much I 

smallei aiea in the same I ITlfH 

axis, to the liquid in the j U 1 . 7 ^/ * 

apparatus containing the gas I 1 

Piom the ])iessuie at the I 

suiface of the laige pisfon, I I 

and the latio of the aieas of 11 I i 

the two pistons, the pi essuie 11 11 

on the gas could l)e directly I I //J }[})) I I mVM 

II El iH I I T 

A sJio) tenecl foi m of the I I . I I 

was suggested I I I I I 1 1 

by Andrews, and has recently | ^ \W\ ^ | 

been applied by Kanimei- E | — FE I i 

lingh Onnes (NetheilaiuVs LmJ mD— 

Academy, 1898, “Commiun- 

riG 91 

cations fiom the Physical 

Laboratory ol the ITniieisity of Leyden,” No 44) to the measure- 
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meiit of liigb piessiiies A niimLei of glass syplion inanouieteis, 
(ih, cih\ uT, etc, aie 2')laced in senes, the nppei cliambei ol each 
being connected ^itli the cistein of the next, and also, thiough a 
steel cock, c, c, with a tube de The hist syphon, cd), oi the 
manometei is of the same chametei thionghoiit, is open to the 
atmospheie, and seizes foi the iiieasuiement of small fiactions ot 
an atmospheie , a shoit U-tnbe at the high piossnio end 

of the system selves a similai puipose The tii])e do is connected 
thiough a cock/, with a cyhndei hlled with comjnessed an, 
thiough a cock g, with a Bomdon gauge Ji, and thiougli the cock 
Z 01 JJ with any piece of appaiatus in which the piessuie is to be 
determined The gauge selves to indicate the piessuie to which 
the manometei must be adjusted befoie the cock 7 is opened 
The manometei tubes a h', etc, aie of sucli a length Ub 
to give a diffeience of level of 3 04 nieties (4 atinosphcues) 
between the sui faces of the nieicuiy , to witlistand the highei 
piessuie the thickness of the walls of the widei poitions wms 4 
mm , and the internal diameter 6 mm The connections <11 e made 
by means of fine steel tubes and caps fitting over the ends of the 
steel tubes, and the cocks c, c' are also of steel In oidei to 
presene the appaiatus the air was caiefiilly diied befoie it was 
allowed to entei by passing through cylinders containing soda 
lime and pentoxide of phosphorus 

The adjustment of the appaiatus to a given piessuie is 
perfdimed by admitting air cautiously into the spaces between 
columns of mercuiy To bung the piessuie to 46 } atmosphcies, 
foi instance, it will he necessary to laise the mercuiy to the 
full height in 10 of the syphons, 5 , l)\ etc, and to the height 
coi responding to 2 ^ atmospheres in the open tube ah To do 
this the cocks c, c, etc , are all opened and the cock f on the an 
cylinder is tinned till the meiciny uses in ah to the recpiiied 
leig t , I and c aie tlieii closed By again opening the cock / 
the mercuiy is laised to the full height in the sjphon a'h\ and 
attei closing s in each of the syphons in tiiiii till the piessuie 
111 the tube de has leached 46 ^ atmospheres Aftei opening the 

cock ^ ay small final adjustment can be made by means of the 
shoit U-tube 


^ The heights oi the columns are read oft on graduated lods 
suspendetl between the manometeis, the teuipeiature oi each 
column IS detei mined by means of a thermometer placed beside it 
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In determining the pressuies fiom the ol)seived heights, it is 
necessaiy to subtiact the weight of the columns of air m the 
connecting tubes between the levels of the meniscus in two adjacent 
syphons In the case ol an this connection amounts to 120 
imn , when the piessuie is laised to 60 atmospheies 

The instillment is chieliy employed in standaidismg com- 
pression maiiometeis 

The compiessibility ol hydrogen at low temperature has been 
deteimined by Wloble^■vsla {Wtcno 1 888), but the 

obseivation only coveied a limited range He found that the 
equation, which is similar in form to that of Clausius, 


RT 


rv^’ 


held good between +100° and — 182 ' C He gives the follow- 
ing values foi the constants r — a = 0 0011695, K = 0 00051017, 

273 

€= 1 003892 

The efl((t of timpo atio e on the io'oip}cs^il)ihfy of gases — The 
leseaiches of Regnaiilt did not e\tend to the detei mi nation ol the 
compiessibility ol gases at teni])eiatines othei than 0'' C be- 
tween 1<S02 and 1806 Van dci Jvolk deteimined the lelative 
compicssi])ihties ol seveial gases <it 0 and 100'' C (J^ogg Ann 
116, 427, 126, 4)]) Tlie lesults showed that wheieas the 
compiessibility of an did not vaiy l)etween these teinpcxatuies, 
the de\iation fioiii the py law was less in the case of caibon 
diovidc at 100° than at O'’ Ainagat in 1871-72 (6* 

184,75, l79) obtained similar lesults ovei widei ranges 
of tempeiatuie 

In 1822 Cagmard-Latour had observed that when a 
li([uid was heated in an enclosed space it became totally 
vai)oiised above a certain tempeiatuie He employed 
the appaiatus shown in Fig 92 The branch a of the 
U-tul)e contained air and served to measuie the pressure 
e\eited l)y the vapoui of the liquid in & The appaiatus 
was lieated m an an -bath, the tempeiatuie of com- 
plete volatilisation was determined, and the pressure 
was calculated fioni the volume of the an in the tube h He 
ol) tamed the follow nm results — 


r 73, 



Fig 92 



172 


EXPERIMENTAL STUDY OF G\SES 


C HAP 


Temperature of \ olatilisation PrLssuit 
Etlier 175° C 38 Atm 

Carbon bisulphide 258° „ 71 ,, 


He was unable to completely volatilise vatei It is inteiest- 
mg to note that the numbers do not lie veiy lai fioin tlie <ietn<il 
critical temperatures and pressures of these litj[iii(ls 

As has alieady been pointed out, it was the lesulis ot tlu‘ 
reseaiches of Andrews which explained the lailuie ol Kaiada}, 
Xatteier, and otheis to liquefy the so-called peimanciit gases 1)\ 


piessuie alone Faraday, indeed, appeals to have legaided tli(‘ 
permanent gases as being in a state compaiable to that ol tlie 
ether in Cagniaid-LatouFs expeiiment, but though he believed m 
the existence of a ciitical temperatuie he made no attempt to 
confiim this view by expeiiments on the gases tliat h(‘ had 
actually liquefied The results of Andiews’ fiist e\peiiinents 
weie published as a note in Millei’s Olinuiccd Plujsic^ in 18bd>, 
and are stated as follows — On paitially liquel}ing cai])oiue 
acid by pressure alone, and gradually raising at the saint' tiiiu' 
the temperature to 31° C , the surface of demai cation between tlu‘ 
liquid and the gas became fainter, lost its curvatuie, and at last 
disappeared The space was then occupied by a homogeneous 
fluid, which exhibited, when the pressure was suddenly dimiiiislied 
or the temperature slightly loweied, a peculiar appeal ance ol 
moving or flickering strim throughout the entire mass \t 
temperatures above 31° C no apparent liquefaction of caihome 
acid, or separation mto two distinct forms of mattei, could !)(> 
effected, even when a pressure of 300 oi 400 atmosplieies was 
applied nitrous oxide gave analogous lesults” The tempeiatuK' 
at which the phenomenoa took place he called the cntical point 
This observation formed the basis of a series of iiivestmaticms 
and the lesalts. under the title “The continuity of the m.scnm 
ana htiiiid states was made the subject of the Uakenaii J.ectuie 
for the jear 1869 {Phil Tians, 1869, 575) The followm- is a 
bnef account of his experiments 

Tu contained in glass tubes «, h, c, d (Fi<> 93) 

The tubes were of capillary boie from a to &, the sectimi Ic was 
diameter, and the section cd somewhat smallei The 
capillary tubes were caiefully calibiated, the capacity of one 
millimetre of length being from 0 000025 to 0 000030 ce tlie 
of the .pparat™ top. some po.„t „„ fl.e cepl:;;! 
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to t^\o maiks e and / weie also known These niaiks seived to 
determine the volume of the gas confined ovei nieicury in the 
tube, aftei the point a had been sealed, by detei mining the 
change of piessure leqiuied to bring the surface of the nieicuiy 
lioin e to f 

The tubes weie filled with the gases to be examined by 
attaching the end d to the apparatus geneiating the gas, and 
allowing a stieam of gas to pass through the tube foi some time 
The tube was then sealed close to a, and the end d was 
tempoiaiily closed 

The end of the tube d was opened beneath the surface of 
ineicuiy in a vessel so aiianged that the piessure on the suiface 
of the meicuiy could be reduced by means of an air pump 
Dining this opeiation gas escaped fioin the tube, and on restoring 
the piessuie ineicuiy entered to take its place Some of this 
meicuiy was aftei waids lemoved fiom the tube, so that the gas 

d / ^ C d a 


Fiu 9 3 


was liiially confined in the nppci poition of the tube by ineaiis 
of a plug of ineicuiy (Fig 9J) The tube was then attached to 
one Imih of a long U-tube containing ineicury, and the piessuie 
excited by the g<is when the meicuiy was biought to the points 
and/ was detei mined The volume of the gas was calculated 
tioin these data 

Two tul)es which contained lespectively an, and some othei 
gas such as caiboii dioxide, were placed m the same compression 
<ippaiatus which Avas of the foim employed hy Poiullet The 
eompiession chamhei, a lectangulai box of stout coppei, contained 
the AMdei poitions of each tube, the capillaiies alone piojecting 
thiough the top The chamhei contained water, and the piessuie 
was applied by means of two sciews Avhich passed through 
glands into the inteiior 

The capillaiies weie siuiounded by watei-jackels , the one 
containing an was maintained at iieaily constant tempeiature, 
the otliei at temi)eiatnies which vaiied l)etweeii l,V and 48"* 

The tube containing air served as a mauometei, hut since 
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the de\iatioiis from Eojle’s law weie not known with sullineut 
accuracy, the results weie expressed as if the e(piatiou V\ =( 
were absolutely true 

The inobt impoitant evjDenments, which foim the Mil)jeot oi 
the Bakeiian lectiiie, weie earned out with car])on dioxide Ihit. 



Fig 94 


Since the gas contained about 
of its volume of air thi‘ 
results aic not of the highest 
atm accuiacy Tins, howe\ei 
does not detiact hoiu then 
importance 

The lesultb aie most 
easily explained by means 
of the cuives shown in Fi‘» 
94 

When caibonic acid was 
compressed at 13 1 the 
\ olume decreased it‘gulaily 
till a j)iessme of 49 1 
atmospheies, as indicated 
by the air mdnometei, was 
leached At this l>oint 
liquefaction commenced, and 
if the gas had l)een (|uite 
free fiorn an, the whole* ol 


xntEmif 4 would have li( inched 

%Mthout further inciease of piessuie, this change would ha^e 

been represented by a portion of the cuive parallel to the li2 
of equal pressure It was found that the increase of iness 
required to liquefy the first and second-thirds was only 0 o'! 
a mospheies but to liquefy the whole of the gas an me lerso 

tion was hrst made by Thiloiiei ’ latter ohserva- 
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The next set of e\peiiineiit& weie concUicteJ at teinpeiatuies 
above the critical point, .>0 92 C The lesults showed that in 
each case a con&idei cable i eduction of volume oecuiied afiei 
cariiving at a ceitaiii pressuie, but although the “ilickeiing 
moAements” clue to change of density in diheient paits veie 
ob&eived, no sepaiation of licj[iiid took place The change ol 
volume is shown by the cui\es to be less abiiipt when the 
tempeiatuie lies farthei fiom the cutical point, at 48^ C it has 
disappeaied altogethei 

These results lead to the conclusion that the gaseous and 
liquid states are only widely sepaiated foiins of niattei, and that 
the changes fiom one to the othei take place without intei- 
1 option 01 breach of continuity 

The equatiom of Vaii do Waals and otlicis — Fiom the 
study of the relations of tempeiature, piessuie, and volume, even 
ovei limited langes, it is obvious that the ec|uation, 

PV=:RT, 

IS only an appioximation, e\en loi the moie peilect gases at 
teinpeiatuies distant finm then ciitical points 

That liegnault succeeded in applying ,in em])niuil fouuula 
to the lesults which he had olitamed has aheady been ])ointtMl 
out, but even it his obseivations liad l)een of a moie accuiate 
nature his foimula could not have held ovei widei langtss 
Fuithei, fiom the tiue gas e(piation it sliould be possible to 
calculate the ciitical constants as well as the isotheiinals 

A foimula bcused on physical eonsideiations as to the con- 
stitution of gaseous mattei must necessaiily take into consideia- 
tion the si/e of the molecules and their mutual actions and 
attiactions The most leinarkable attempt to develop an equation 
of this kind was made by Van dei Waals in an inauguial 
dissertation mis'/.) ^ 

The idea fiist pul foxwaid by Andiews, that tlieie is no 
bleach of continuity between the gaseous and liquid states 
forms the basis of the theoiy of Van dei Waals In both cases 
we must considei the constituent molecules undei the inlluence 
of intonal foices dependent upon then chaiactei and proximity 
The molecules in the mass of the substance must be acted upon 
equally m all duections, while on those lu the smfacc the 
attraction tends only to draw them inwaids 
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If the attiaction of molecules in a small element of the sur- 
face on each molecule within the substance, is pioiioitional to the 
pioducts of then masses, oi to some similai piopeity independent 
of the temperatuie, since the number of molecules iii unit suiface 
01 in unit imlume is piopoitional to the piessuie, the attraction 
Mill vaiy inversely as the squaie of the volume The value of 

P in the gas equation then becomes 

Taking into consideiation the volume of the ultimate particles, 
A' becomes (V — &), wheie h is the lolunie occupied by the gas 
vhen compiessed to the utmost The value of h was supjiosed 
by A"an dei AVaals, on the basis of the theoiy of probabilities, to 
be foul times the actual volume of the molecules Aceoiding 
to 0 E Meyer it should be 4 VUinies the volume, this number 
has been -veiified by Young fioni his obseivations on the alcohols 
The gas equation then becomes — 


(P + ^J(d-/i) = RT 

This formula was fiist applied to the lecalculatioii of the 
isothermals of carbon dioxide fiom the experimental lesults of 
Andrews, with satisfaetoiy results, but the range of the expen- 
ments was not sufficiently wide to serve as a ciueial test 
Before, howevei, going fuithei into the question of its validity 

It may be well to point out a few general facts with le^mul 
to It ° 

The equation represents the value of PV as decreasing at 
hist, attaining a minimum and then steadily increasing This 

13^ obvious since p moieases more slowly as o decreases, and 

blcmtTmdl'®'” laltei 

In the case of hydrogen the expeiiments of Joule and 

interference of^e^!''^'^ expanding the gas without 

nterference of external pressure, no use of temperature was 

etfreraufthat c a cooling 

AAhen applied to gases near their critical points the iso- 
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theimals exhibit the iiregulaiities fiist demonstrated by Aiidiews, 
and at temperatiiies below the critical point the following 
rathei remaikable lesults aie 
obtained 

Audi ew s’ cuives show that 
on leaching a ceitain piessuie, 
dependent on the tempeiature 
only, liquefaction commences, 
and becomes complete without 
further change of temperatine ^ 

01 pressuie Theie are thus 
two volumes coriespondmg to 
these conditions, the volume 
of the gas, and the volume of 
the liquid As James Thom- 
son subsequently pointed out, 

1 elatioiiship of piessiue and 
volume about the point of 
liquefaction should be repie- 
seiited by a sinuous line alcdc, 
and not by the stiaight line 

(t(C 

Since Van dei Waals’ foinuila is <111 equation of the third 
degiee, it has eithei one or thiee leal loots, and gives instead of 
two volumes thiee, the third (p 249 ) being situated between the 
other two The cuive is sinuous and of the form alcde Of 
the physical nieaniug of this thud volume, 01 of the poition of the 
curve we can have no conception, the cuive ah lepiesents 
supei cooled vapour, and the curve ch superheated liquid 

At highei temperatures the thiee points lepresenting the 
three volumes come closei togethei, till they hnally coincide in 
the ciitical point At this point, therefoie, the thiee loots of the 
equation become equal, the calculation of the volume of the 
critical constants is not difhcult 

Tf the initial piessnie and volume be made equal to unity, 

^ _ PV __ (i+,,)(i^^,) 

T 273 

/ p + (V - h) - "■ 

\ VV 27 3 

N 
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Solving for Y. 


C ^ 273P J ' ' - F 

Y'hich IS an equation of the foim, 


= 0 , 


V3+)V^ + ^V + '=0 
If Its tlnee loots aie p, q, and i, 

(V-p) (V-2) (V-,) = 0 

And since the thiee loots become equal at the ciitieal point, 
if j) IS the ciitical volume, 


(V-^)8 = o 


If 6 IS the critical temperature, and ir the critical \ olume, 

= t + 1 yl , «y 'lb 

i 273 j ' +;r' 

And since corresponding coefficients of V must be equal, 


, ah a 

4>==-, H- = :^ 3^ = i + 


(i+tt) {i-b)6 
27^^^ 


A -•>} - “ Zl 8 

' 276^’ “27 Ri 

Tim calculated value ot the critical point of carbon dioxide 
was 32 5 , It was not, however, possible to trace the isothermals 
. tar by means of this formula 

In an dei Waals’ equation it is assumed that the value of u 
IS independent of the temperature, and that I is also a constant 
in the latter case it appears probable that the variations with 
temperature and pressure are not gieat The first attempt to 
connect the value of a with the temperatuie was made by 
Clausius, who put forward the ©(^uatiou, 


P rn 


K 


;) (v-6) = RT 


T(« + /8j2 

equation has no direct physical meaning, as K and B 
arbitrary constants, and it does not represent the form of the 
rsotheimals with greater accuracy than the equation of Van dei 
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Waals Tlie results obtained by Young foi the lelations of 
tempeiatiue, pressuie, and volume foi isopentane led rtose-Innes 
{Pioc Roy Soc 15, 126, 16, 11) to the following foiixiula, 

^ ) I 

-y I + j ?(r+I) 

This equation is of the fifth oidei, but since it has only tlnee 
real loots it is capable of expiessing the relationships about the 
ciitical point 

Quite recently Dietenci ( Ann 69, 685) has put foiwaid 
a suggestion that the teim a in Van dei Waals’ equation does not 
vaiy with but A\ith , the leasoning is as follows — Let us 
imagine a slice, of an aiea of one square centimetre, cut from the 
middle of the substance 111 the critical state, the slice being so 
thin that only one molecule can lie in it Let be the niimbei 

of molecules in volume t, then “=]Sr are present 111 one cubic 

centimetre Let us siqipose with Clausius that each molecule be 
sunounded by a cube of edge X 

^^A^ = NX =1 cc 

V 

A slice of height X, and of one squaie ceutiinetie in aiea 
contains N^= molecules 

The cohesion piessuie tt, which is expressed by in Van 

del Waals’ equation, is the sum of all forces exerted by molecules 
contained in the slice Assuming with Ym dei Waals that this 
force 18 inversely pioportional to the volume, we have 



wheie c IS a constant , 

01 

a 

TT == — 

Vi 

We might pioceed to test the tiuth of this conclusion by 
determining whether by introducing the teini “ in place of - m 
Van del Waals’ equation, we obtain an equation which expi esses 
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both the foim of the isothermals, and the values of the critical 
constants foi anj gas The equation becomes 



{v-l)=^ RT, 


hp H- RT 


P 


+ 


a ah 



an equation ot the foim 


- ac^ -f- - y = 0, 

and viiicli cau only ha^e three leal loots 


i, = 46, 


a 


Pc = 


4(4hy ’ 




1 5ah 
4(46)^ 


h — *16, 


(t 



1 ^mh 
4Rq’ 


From this we 
by Young, 


anive at tlie numeiical lelatiouship deduced 


RT, 

PcVc 


= 3 7 ’) 


It IS interesting to calculate the natuie of the latio obtained 
hv replacing ^ by expiessions imolving different powers ot e 


TT 

a 

hi 

a 

Li 

a 

a 

IS 

a 

v'i 


RT, 


48 

y =6 89 
10 

^ = 3 7 0 


= 2G6 


21 

lb 

96 

55 


= 2 10 


= 1 75 


«0 lai we hay only consideied the value ot I close to rh. 
ciitieal point, and as we know ftom Van dm Wool - n 
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the co-volume If Z?co is its value at gieat laiefactioii, ]>oltziiinnii 
places 



hut an the same time the limits of \aiiatioii will 2 )iul)ably not be 
I'leater than as 1 to 10 Actual!} deteimmed values of h aie a 
little uncertain, as they aie always obtained as difieiences between 
laige numbeis 

An attempt less been made to deteiiuine moie exactly the 
natuie of the variation lu vithout much success, and the 
equation, like that of Van der Waals and Clausius, does not 
exactly expiess the foim of the isotheimals o'vei wide limits 

It will jirobably be found that the cohesion piessuie is not 
a lauiely mechanical one, and, as m Clausius’ e(|uation, is a 
function of T The^e (piestions have lieen discussed in a lecent 
])apei {W%ccl Ami, 1001, [iv], 4, 51) 
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The expeiiments of Da-vv and Faiada} — Tliiloiiei’s t\i)eiimcnts on caibon dio\ide 
— The liquefaction of oxygen ])y Pictet and Cailletet — The leseaulns ot 
01sze^\bki, AVioblewski, Dewai, and Onnes — Isotheinnl and adubitic txpin- 
sion— Free expansion, the Joule Thonibon ehect — A])plitation ot the ])nncii)lc 
of flee expansion by Hanipson and Linde — The pioduction of li(|nid an by 
Hanii»soiTs apparatus — The liquefaction of liydiogen 

An account of the eailiei attempts to liquefy gases is to lie found 
in any text-book of physics or chemistry, and it would seive no 
useful puipose to enlarge upon it here The latei histoiy of the 
subject IS, however, of the highest importance, moie particulaily 
with regard to the piocluction of liquid an, and its application to 
leseaich at low teuipeiatuies V^ithout lefeience to questions of 
piiority I shall describe those researches winch have resulted in 
the lutioduction of new processes, oi in the application of new 
principles to the liquefaction of gases 

In the expeiinieiits of Davy and Faraday the gases weie 
generated in closed glass tubes of the form shown in Fig 96 The 

substance fioin which 
the gas could be ob- 
tained was placed in 
one limb of the tube, 
which was then sealed 
The gas condensed in 
the other limb of the 
tube, which was cooled 
Fig 96 ^0 about — 20 ° 0 m 

mt O' freezing mixture 

se expenments lesulted in the liquefaction of all the com- 
moner gases, with the exception of hydiogen, nitrogen, oxygen. 
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methane, carbonic oxide, and mtnc oxide Faiaday’s views wnth 
legard to the natnie of these so-called permanent gases have 
alieady been lefeiied to 

Tn 1834 Tlnloner employed a similar method foi the liqne- 
laction of caibon dioxide The gas was generated by the action 
ot siilphuiic acid upon carbonate of soda, in a stout coppiei vessel 
connected with a second vessel in which it could be condensed 
In tins way he obtained a considerable quantity of the liquid, 
and by allowing it to escape through a jet into a box of non- 
conducting material he obtained the solid Thiloner’s observation, 
that a mixture of carbonic acid and ether formed a much more 
ethcient refiigerant than the solid alone, was a valuable contribu- 
tion to the expel imental side of the subject 

After Thiloiiei’s expeiinients, though many attempts were 
made to liquefy the permanent gases by piessuie alone (p 1G3), 
no fiiithei progress was made till 1877, when independent 
communications were submitted to the French Academy by M 
Ttaoul Fictet of Geneva, and by M Lewis Cailletet of Chatillon- 
sui -Seine, announcing the liquefaction of oxygen Tn neithei 
case was the liquid obtained 111 the static condition, but as the 
methods employed by the two investigators were new in piinciple 
and totally diffeient, then woik must be considered as of the veiy 
highest impoitance 

Pictet employed the 
method of contimioab 
eoohng by means of a 
volatile lefiigeiant, a 
method which he had 
successfully applied to 
the production of ice on 
a large scale A dia- 
gram of his apparatus is 
shown in Fig 97 The 
oxygen was generated in 
cl steel retort a, connected 
with a steel tube c, which 
was sui rounded by a 
copper x^essel cl Carbonic acid was condensed by means of the 
pump / into y, md allowed to flow through the tube e into d, 
where it was evaporated by metans of the same set of pumps 
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The systein ^ formed a closed cueiut, the liquid carbonic 
acid solidified iii cl, and the tempeiatuie pioduced by its 
evapoiation leached — 140° C The cai 
bonic acid gas was cooled and condensed 
by means ot sulpliiu dioxide A\liich was 
ciiciilated through a sinnlai closed s^ stein 
connected with the coiidensei li 

After woiking foi many houis at hiteen 
horse-power the cock h was opened, and the 
pressuie, which had iiseii to 3i0 atmo- 
spheres, was allowed to fall suddenly, pio- 
ducing an even greater degiec of cold On 
tilting the apparatus it was found that 
liquid oxygen was actuallj pieseiit 

Cailletet emplojed an appaiatus (Fig 
98) similai to that of Pouillet (p 161), ni 
which the pressuie was tiaiismitted to the 
gas thiough mercuiy by means of a pump 
The gas was compressed into tlie capillaiy 
portion of the glass tube uiiclei a pressuie 
of 400 atmospheres, on releasing the plea- 
sure the sudden expansion resulted in the 
partial liquefaction of the gas, which appealed 
as spray or mist ni the tube 

The reseaiches of Pictet and Cailletet 
paved the w'ay foi the pioduetion ot liquid 
air 111 quantity, and its intioductioii as an 
agent ot lesearch Tlie woik has been earned 
out by Wioblewski and Olszewski in Cjacow, 
by Dew'ai m England, and by Kammeiliiigh 
Onnes in Leyden , each of these investigators 
has woiked on ditfereiit lines, and then 
lesearches must in the main be cousideied 
independently The Polish chemists de- 
voted themselves chiefly to the determination 
0 tie boiling -points, vapour pressures, and 
o . _ , ciitical constants of liquefied gases Un- 

ortnnately Wroblewski employed, in many of his leseaiches the 
theinio- electric junction foi the measurement of tempeiatuie 
but Olszewski's observations, in which the hydiogen (oi helinm) 


Fig 98 
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tlieimometei was geneially applied; aie of the highest ^alue 
Dewai has devoted himself to the study of the chemical and 
f^liysical propeities of substances geneially at low teiiipeiatuies 
These thiee luvestigatois shaie the honour of having fust devised 
})iactical methods for the production of liquid an in quantitj, bv 
the use of liquid ethylene iii a system similar to that of Pictet 

The apparatus employed by Kammeilingh Onnes in his 
ciyogetnc laboiatoiy in Leyden has been fully desciibed by him 
in a senes of papeis, which have been tianslated into English 
fioin the FioQ.ecclmgs of the Nctheilanih Academy The plant 
consists of a Pictet doulde cycle, employing inethyl-chloiide and 
ethylene as lefiigerants The system is not designed to produce 
liquid air in quantity at minimum cost, but to give a complete 
lange of tempeiature down to — 210^ C Pi of Onnes’ lescaiches 
include the deteimmation of the vaiiatioii of a numbei ol 
physical constants ovei wide langes of tempeiatuie , among these 
may be nientioned the dielectiic constants, and compiessilnlities 
of numeious gases 

The principle of adiabatic expansion iinohed in Cailletet’s 
method may be biieily stated as follows The gas if, eithei com- 
piessed over meicuiy m a ghiss Mcssel and suddeiil} allowed to 
expand, oi is allowed to escape fiom a steel vessel m which it is 
contained undei i)ies''Uie In the fust case, the gas do(‘s woih 
in foicing dowm the meicuiy, m the second, tlu^ gas whidi le- 
niains in the vessel does wvnk in foicing the lemamdei thiough 
the opening In eithei case the gas m doing e.^ tonal woik loses 
energy, and consequently if no heat is leceived fiom the outside it 
becomes cooled 

The specific heats of a gas at constant piessuie oi at constant 
volume, denoted l)y the symbols and aie defined as the 
(iuautities of heat requiied to laise the tempeiatuie of unit mass 
of the gas, at constant piessuie ui at constant \olume, one de- 
giee Centigiade Then values, in the case of n })eilect gas, should 
he independent of the tempeiatuie and piessiue 

If unit mass of gas is heated so that its tempeiatuie uses 
fiom T to T + the piessuie leiuaining constant, the volume 
will increase from v to v + dv, and the quantity of heat absoil)ed 
111 the process will he 

Opdt 

If the gas IS now coinpiessed isotheimally to its original 
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volume V, the piessure will mciease fiom p to p + dp, the work 
done will be lepieseiited by 

vdp, 

and in 01 del to lestoie it to its origmal conditions of temperatuie 
and pressure, it will only be necessary to cool it down at con- 
stant volume, lemoviiig from it a quantity of heat G„dt 
Since the cycle is now complete, 


Cl dt = Cpdt — i dp 

= Qpdt~'E.T^ 

P 

0^,-0, =R 

If we now eoiisidei the iiist two processes in this cycle as 
taking place adiabatieally, the gas undergoing a change of piessiue 
from to p + dp without loss oi gam of heat 


CpU-Kl‘k = o 
P 

Replacing E by (C^, — C„), and dividing by T 


dt 




log _ rpCp 

log - Ct) ’ j/Cp-Cw) ~ 

where El is a constant 

The change ot tempeiatuie resulting m a change of 
IS expiessed hy ° 


piessuie 


h) 



where 


/i (see p 211) 


theimodynaniic cycle in which the 
“If constant volume secondly, allowed to ex- 

pand isothermally at constant pressme , and finally cooled at con- 
stant piessuie to the initial conditions, we can obtain the relation- 
p between temperature and volume dining adiabatic expansion 
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From these two equations we tind that for adiabatic expan- 


sion 


= Constant, 

just as foi isotheimal expansion 

pv = Constant 


If a gas weie allowed to expand vAfhont doing it follows 
that no teinpeiatuie change would occiii , and, indeed, no cqipre- 
ciahh effect is noticed when a gas is allowed to expand fiom 
one vessel into another which is exhausted , both vessels being 
immersed in a calorimeter 

These leniaiks apply, howevei, to a gas wdnch iigidly follows 
the simple gas law, 

pv = ET, 

but they cannot be extended to any known cases, since in dealing 
with these we have to take into consideiation not only the eneigy 
absoibed 111 peifoimiiig external work, but also in oveiconiing m- 
teinnl inoleculai atti actions, wdnch the simple law does not considei 

The pioblem was first studied by Joule and Loid Kehiii 
(Joule and Thomson) in the following mannei A steady stieam 
of gas, heated to a definite tempeiatuie by passage thioiigh a 
coppei spnal immersed in a watei-bath, was allowed to flow 
through a plug of silk fibre of such a thickness that there was no 
appieciable change 111 the velocity, and consequently in the kinetic 
energy, of the stieam of gas 111 passing from one side of the plug 
to the other Undei these conditions work was done only in ovei- 
coming fiiction 111 the plug, the heat geneiated being absoibed by 
the gas, which would otheiwise be cooled The difference of 
tempeiatuie on the two sides of the plug, which was negative 
except in the case of hydiogen, could be attiibuted to absoiption 
of heat by the gas in overcoming molecular attraction Their 
experiments led them to the equation, 


This phenomenon is known as the Joiile-Thomson effect, and has 
been made the subject of moie than one investigation 

The Joule-Thomsoii experiment may be graphically lepiesented 
in the following mannei — The gas contained in the cylindei A 
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m “ ''T I’lstoo C, wind, 

Lnm may be c,..s.cle.ed a, n,„™g n, he 

etrean, of go. The pnton. movmg f,om „ to i. expeh o 

\oluuie of gas fioiii 
the cylindei, the pies- 



suie^? remainino con- 
stant The woilv done 
111 o\ei coming the 
fiiction in the plug 
\^ill be ex^iressed ]>} 

in the f ^ e^Penment there is supposed 1^)^10*11101 ease 

riTiil 1 1 f It occupies 

IS laro'er than (-lia£?i*iiii, ivliich 

Tn tPA ’ ! absorbed will be expressed liv i/P 

In the case ot a perfect gas ^ 

l ‘ V = p ' o ' , 

or the IiMt absorbed during the expansion is exactly eoumleiit 

y the r aTc^ e“““ ■“ “■» -1 TCed 

change 'OMoVently the gas iinde.goes „„ teiiipeiatme 

In the case of an imperfect gas. lioivevei, 

» = -r Q, 

shown that froirv^Lf^W 




ET 


it IS to derive an expression coiinectino' the variation of 

<9, the Toule-Thomson effect wifi. t i h ? variation ot 
the gas, ' absolute temperatnie of 
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wlieie a is a function of a the internal attraction, and yS is a 
function of h the co-volume (p 176) 

It IS not suiprising to find that closei lelationship can be 
obtained from Clausius’ equation, 

m which the inti a molecular attiaction is made to vaiy with the 
tempeiatuie as well as with the volume The expiession (Love, 
Fhil 3Iru/ 1899) closely lesembles that obtained by Joule and 
Loid Kelvin, but in the case of air the second constant vanishes 

T2 

The constants 7 and S aie functions of a and 6 respectively The 
equation agiees \eiy well with the results obtained by Natauson 
(TFied A}iii xwi 502) for cai bon dioxide 

The following values, expressed in degrees per atmospheie 
piessuie, were obtained by Joule and Lorcl Kelvin for air and 
h}diogen 

1 e 


Air 

17 1 

- 0 255 


91 C 

- 0 203 

11} drogeii 

68 

+ 00S9 


90 3 

+ 0 046 


111 the case of hydiogeu, Joule and Loid Kelvins lesults 
appeal to have been somewhat inconclusive, and have not since 
been repeated They ceitainly show that the effect was in the 
opposite sense to that in the case of the othei gases which they 
studied, the gas heating instead of cooling on fiee expansion 

The vaiiations of the Joule-Tlioinson effect ovei wide langes 
of tempeiatuie and pi^essure have yet to be studied The varia- 
tions with teinpeiature would be a matter of coinpaiative simplicity, 
but to deteimine the tempeiatuie change m the gas resulting 
fiom a fall of piessuie of 150 atinos] 3 heies would be a matter of 
consideiably gieatei difficulty In then oiigmal expeiiments 
Joule and Lord Kelvin found that when they employed gieat 
differences of pressure, the observed fall of temperature varied 
accoiding as the therinoxneter was placed close to 01 fai fiom the 
plug 111 these experiments it appealed that the resistance of 
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the plug could not easily he made so gieat that the velocity, and 
consequently the kinetic eneigy, ot the issuing gas was not in- 
creased in passing tlnough it The inciease in the kinetic cneig} 
of the issuing gas necessitates an absoiption ot heat, so that tlieie 
would be a fall of teinpeiatuie close to the second suiiatc' ol the 
plug, implying a conveision of inoleculai kinetic eneigy mto 
translational energy ot the mass of gas This tall ot tempeiatme, 
which may be termed velocity coohiuj, -would disappeai at a shoit 
distance from the plug, the velocity of the stieam of gas beiiio 
reduced by friction with the walls of the tube 01 with the gas in 
the vessel mto which it flows, lesulting in the foiniatinn of eddies , 
the kinetic eneigy ot the stieam of gas would thus be 1 educed to 
Its oiigmal value The effective cooling of the gas is the lesult 
ot the internal work only, though the velocity cooling wliith takes 
place close to the plug or valve, through which the gas is escaping, 
may lesult m a fall ol tempeiature greatei than could be accounted 
for by the Joule -Thomson effect, the velocity cooling vvould, 
however, be confined to a veiy limited region 

The application of this prmciple to the production of low 
temperatures has been successfully accomplished by 0 Linde in 
G-eimany and by W Hampson inEngland These two mvestigatois 
shaie the honoui of having first succeeded m utilising the Joiile- 
Thonison effect, and in obtaining liquid an without employing 
liquid ethylene 01 any other refrigeiant Linde’s appaiatiis it 
probably the moie effective for the pioductioii of liquid ,ui in 
quantity, but it is much more cumbersome than Hampson ’s' 
machine, and cannot be used for the production of a small 
quantity of liquid air in a short time Hampsoh’s appaiauis is 
most suitable for experimental woik , I shall therefore describe it 
The sectional diagram (Fig 100) shows the ariangement ot the 
installation at University College, London An is drawn into 
the compression pump through a cylinder A, which contains moist 
slaked lime spread upon trays The pump, which is a torpedo- 
compressor manufactured by Whitehead and Co of Fiiime com- 
piesses the air in two stages to 160-180 atmospheres,^ the workim. 
pressure In the fiist cylinder B the pressure is raised to about 
16 atmospheres, and after passing through a copper coil C, the 
compressed an is delivered to the second cylinder D, where it 


^ The engmeermg unit of pressuie, the 
inch 01 1 kilo per square centimetre 


atmospheie, is equal to 15 lbs 


pel sqiiaie 
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undeigoes uithei compiession. and aftei parsing thiongh a second 

coppei coil E IS deliveied to the watei-sepaiatoi F, Loth the 

cylinders and the coppei coils connected with them aie contained in 

tanks thioiigh which water ciiculates to absorb the heat generated 

by the compression of the air The compressor is worked by a 

ve -horse -powei eleetiic motor It can be worked in either 

( iiection and since the inechanisni is so arranged that the 

ey nideis he in the same axis, there is little vibration or noise 

11 Older to prevent the viileainsed fil)re, with which the 

pistons are packed, from burning, and to lubricate the woikiii« 

parts a little water is taken with the air into the low-pressiue 

yliiider The water, after passing through the high-pressure 

cylinder, hnds its way into the water-separator and can be blown 

0 from time to time by opening the cock G at the bottom of the 

latter A certain quantity of water is also deposited from the 

saturated air on compression, and since the quantity of water 

vapour present is dependent on the volume only, the air in the 

water-separator, though saturated with water vapour as far as 

Its volume IS conceined, is “dry” from the point of view of its 
mass '>'vv ui. luo 

The air now passes mto a second vertical cj-hndei H contain- 
ed °'i Mmo™ ™tei vapom and traces ol 

hon-dioxide, and ts delivered pure and dry at the top ot the 
Hainpson Iiqiiefiei The caustic potash cyhnde. lately «i| hires 

™ 1 ■ r" “ « noSsarv 

S Tter 

or \\atei wnicli accumulates m it ^ 

Lie w two or four coils which 

are wound coaxially about a spindle, and which are joined at then 

Thriet L c r r whole space KK 

top of It, and which can be adjusted to form an annular openim> 
y e milled sciew-head M outside the apparatus The coils aie 
enclosed by a cylinder of insulating material for the greater part 
of then length, hut the lower part and the valve aie contained 

XTTlJT f H".l - evontnTuy 

escanes linusfspt^^^^ ^ through the tap 0 , the an which 

scapes liquefaction passes upwards over the outside of the coils 

and escapes at an opening P at the top of the insulating casino 

The escaping air passes through a rubber tube, and its velocity Ts 
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indicated by a glycerine 
gauge winch is connected 
with the point of exit Ironi 
the apparatus The doub- 
ling of the coil IS merely to 
avoid the iisk of blocking 
the apparatus in case a 
tiace of moist 111 e weie 
earned over from the pini- 
fying cylmdei , m Linde’b 
appaiatus the copper coil 
IS double, the two pipes 
being coiiceiitiic, the air 
passing down the innei 
pipe and back through the 
space between the two 

The latest foim of the 
Hainpson appaiatus ls 
shown in Fig 101 The 
an enteis undti piessuie 
thiough A, and passes 
along 1 ) to whole it 
enteis the coil, wdiich is 111 
this case quadruple On 
expanding at the valve I) 
it IS ])aitially lupiefied, 
the liquid collecting in the 
metal chambei E, which is 
soldeied dnectly to the cas- 
ing of the coil , the gaseous 
an passes up w aid thiough 
the Intel stices between the 
coils, as has aheady been 
desciibed 

To indicate the quantity 
of Inpiid in the chambei E, 
a glyceiol gauge is em- 
ployed The tube Iv passes 
fiom the bottom of E to 
the top of a small closed 
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vessel H containing glyceiol The veitical tube M, ivlucli 
passes to the bottom of H, is connected by a flexible tube with 
the top of the valve-rod 0, which is hollow, and has an opeii- 
mg at N communicating with the open space above E, As 
E fills with liqincl air, the glycerol uses in the gauoe The 
liquid air is from tune to time run oh fioin E by tuiniiig the 
inilled nut 1, winch opens the screw-down cock G 

In woiking the apparatus the motoi, wliicli is not shown in the 
hgme (big 100), is fiist staited, and a little an is blown tluough 
e WIG e system, the valve is then closed, and the pressiiie is 
allowed to rise to 170 atmospheres When the valve is opened 
e stream of au is legulated so that the piessuie indicated by tlie 
glycerol gauge (p 192) remains constant The actual piessuie 
depends upon the length and diameter of the lubber tube E, and 
upon other conditions with a tube about 80 cm long and 2 cm 
in cliametei it is found to he about 10 cm of glyceiol Liquid 
air hrst appears in the vacuum-vessel m about foiii minutes, and 
the actual yield is about 1-1 5 litres of liquid an pei houi 

The machineiy leqiiires careful watching while it is at woik 
for in case anything were suddenly to go wiong a seuous accident 
might result If e\ery pait is voikiiig well it is only necessaiy 
to diaw off the liquid air, and the watei which accumulates in 
the watei-cylinder, from time to time, if instead of a lacuum- 
vessel the liquid air collects in a vessel packed lound with some 
insulating material such as eidei-down oi animal wool, the Intiiid 
ail must be drawn o't eiery foui oi fiie minutes by the watch 

The methods employed in the manipulation ol liqmd air will l)e 
dealt with latei 

Eiom the theoietical standpoint the Hampson machine may 

beregardedasafoimofthe Joule-Thomsonappaiatiis, for wema; 

eonsidei the plug m the latter as consisting of a numbei of fine 
tubes placed close together The au in passing thiough the coil 
does work onlyagainst friction, as in the Joule-Tliomson expeiiment, 
so that there is no cooling owing to external woik being done 
e air which escapes from the valve has undoubtedly a greatly 
increased kinetic energy, so that at this point, and at a very small 
distance from it, the effect due to veloaty-coohng (p 190) mioht 
be observed it would, however, be completely nullified owing°to 
the foimatioii of eddy currents long before the gas reached 
the coils The form of the jet, and the fact that it is enclosed 
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in a box containing a helical stiip of metal to give the escaping 
spray a lotatory motion, and to assist m sepaiatiug the Iniuid 
and the gas, would also tend m this dnection The cooling which 
takes place is thus due to xwti'i nal woi L only 

The gas which escapes fioin the valve passes back over tlie 
coils, cooling them and the an which they eoiitaiii, and so peifect 
is the heat interchange, that the air which leaves the appaiatiis is 
only one degree colder than that which enteis it The actual 
quantity of the air which is Inpiehed is about ") pei cent of the 
quantity which passes thiough the appaiatiis It appeals piob- 
able that no liquefaction actually takes place within the jet, and 
that the gas at the moment of its escape is not cooled many 
degrees below its critical point 


With Hampson’s apparatus it is possible to Inpiety an oi 
oxygen compressed into cylinders at 125 atmospheres The 
apparatus is first cooled to — Sd" C by blowing a mixture of solid 
carbon dioxide and air through it The method would not be 
used it a eompiession pnmi) were available 

file hquefudiou of lnid)urjen — The earlier attempts to 
liquefy hydrogen by the application ol piessiuB alone have aheady 
been described, and it is unuecess.iiy to again c ill attention to the 
cause of faihiie In 1S7<) Pictet l.olieved that he had accom- 
plished the hquelaetion ol this gas, which he desciil>ed as con- 
deiising to a steel-blue lupiid , but .suu c he obtained Ins lijdiogen 
bv heating potassium loimate, it must have consisted Luoely oi 
carbon moiioMde ^ 


In 188.! Wioblevvski showed th.it when hydiogen, compressed 
into a gkiss tube cooled io the tempei.itine ol liquid oxygon, 
was allowed to expand fiom a piessme ol 100 to ] atmospheres 
It became paiti.illy Injnehed, the liquid appealing as a mist 
Ol spray In 1 885 Olszewski {Pint Mmj [a], xxxix 190, xl 
202) conhimed tliese expeiimeiits, using hist a glass tube ol 
7 mm diaiuetei, and altei wards a steel cylnulei ' The ( utical 
piessme ol the gas was first deteimmed liy measining the 
piessme at whuh mist oi spi.iv appeared wlieu the gas°com- 
piessed into the gbiss tube and cooled to below —200° G was 
allowed to expand, it was lound to lie at 20 atmosplieies The 
boiling and cutic.al teiupeiatuios weie then detcimiued in the 
following manuei The steel cylmtler aheady referred to was 
lined with glass, and contained a coil of platiiuini wire wound 
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on a mica or ebonite frame The resistance of this coil, which 
communicated with the outside, had been determined at 0° — 7 8*^ 
— 182 5°, and —208° C The apparatus was cooled to the 
temperatuie of liquid air boihng %ifi vacuo Hydrogen was com- 
pressed into the cylinder under a pressure of 1 7 0 atmospheres, and 
the gas was allowed to escape at a cock till the piessine fell to 20, 
10, or 1 atmospheie The lesistance of the coil was found m each 
case by lepeated tiial, and the tempeiatures weie deteimmed by 
The following lesults weie obtained - — 

383 Ohm« ~ 234 5” 0 (Critical) 

353 „ — 243 5 ,, 

That the temperatuies obtained by this method tiie too high 
IS obvious, since the lesistance of a jilatmiim wiie is pot a Imeai 
function of the tempeiature They serve, howevei, to sliow that 
the critical and boiling points of hydiogen he below 2)9" and 29" 
absolute respectively Dewar's most lecent deteinnnations of these 
constants aie as follows — 


lineal extrapolation 
20 At 


Critical point - 238 to - 240“ C Critical piessiiie, 15 3 At 

Boiling point - 252 to - 253“ „ 

Melting point - 256 to - 257“ 

Lowefat temperature obtained bv evaporating solid hydiogen - 260' C 


As these temperatuies were deteimmed by means of the 
hydrogen thermometer, they may eii m the opposite diiecition, 
since tiaees of impurity i^ould separate from the hydrogen 
as non-volatile solids 

Within the last two years Dewai {Chcm JSTcws, March 1000) 

has shown that uhen hydiogen conipiessed to 200 atmosplieies 

IS cooled to — «*200 C and allowed to expand without doing 

externa woik, it behaves similarly to air, or any otliei imperfect 

gas and becomes cooled He has applied this discovery to the 

production of liauid hydiogen in iiuantity, the mclhod of 

been published The following 

descil,!^ "" obtained it 

desciibed in a paper read before the Physical Hocietv in 

hTovember 1 9 0 0 ( Travers, Phil Mag 1901411) 

In a pielimmary experiment the gas at a pressure of 200 

atmospheres was cooled to -80“ 0 by passing thioimli a coil 

immersed in a mixture of carbonic acid and alcohol, \nd was 
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then allowed to expand at the jet ot a Hampson aii-liqiiefiei, xn 
winch the coil had pieviously been cooled to the tenxpeiatuie of 
liquid air Under these conditions it appealed that piogiessive 
cooling did not take place, and it may be concluded that at - 80« 
C hydiogen is still a gas The Joule-Thomson effect 

evidently changes sign at a much lowei temperatuie 

Tour attempts veie made to liquefy hydiogen befoie an 
apparatus was constructed which gave satisfactoiy lesults These 
experiments I shall not de&ciibe , it sulfices to state that the} 
seived to show that hydiogen remains a peifect gas down to veiv 
low tempeiatiues 

The details of the stiuctine of the appaiatus finally employed 
in liquefying hydiogen aie >shown in Fig 102 Fig 101 indicates 
the general aiiangement of compressoi, etc 

The principle of the liquefiei is biiefly as follows The 
hydrogen, uiidei a piessuic of 200 atmospheres, passes thiough a 
coil A, which IS cooled to — 80® C in a inixtuie of solid caibonic 
acid and alcohol Tt then enteis the coil contained 111 the 
chambei D, wdiicli is continually replenished with liquid an 
dm mg an expeiinient The lowei poition of tins coil passes 
into the chambei ( b which is closed and conunuincates through the 
,// with an exhaust ])uinp, Inpiid an flows continuously 
Jium 1) into C thiough a ])in~valve conti oiled by a le\ei and 
boiling under a piessuie of 100 mm of meicuiy, loweis the 
temperatuie to below — 200® The gavS now^ passes into the 
legoneiatoi coil I), wlneli is enclosed in the vacinim-vessel H, 
ami expanding at the valve E j)asses np)waids thiough the 
luteisticcs of the coil and the annulai space F, surrounding B 
<111(1 C, to the outlet (}, wlience it can retinn thiough the tubes 
W and U, and the cock % to the main supply pipe N The liquid 
which scqianites liom the gas is ultimately collected 111 the 
vacuum-vessel K, which can easily be removed 

In eonstuicting tlie <appaicitus the coil 1) was wound on the 
thin steel tube which contains the valvT-rod The lattei is 
seicwed at its lowei end into a peifoiated biass cylinder, soldered 
to the end of c, eiudosnig the expansion ]et By tuinmg the 
milled head (t, the wndth of the annulai space between the jet 
and the end of the valve-iod could be accuiately adjusted, and 
the flow of gas coiitiolled This valve was made foi me by 
Bull’s Oxygen Company aftei the pattern of Di Hampson, who 
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first applied it in Ins apparatus for liquefying air To the use of 
this form of valve I must attribute the success of the woik, for, 
unlike the pinhole valve, it does not become blocked with the 
impurities which separate from hydrogen obtained by tieating 
commercial zinc with sulphuric acid The coil itself consisted of 
80 feet of solid drawn copper tube of inches iiiteinal, and 
inch external diameter In winding it the spnal lan alternately 
away from and towaids the central tube, and gieat care was 
taken to preserve a uniform external diametei of 2 inches The 
tubes were caiefiilly spaced and fixed in position with solder as 
each layer was wound 

The length of the regenerator coil D is 7 inches, and it must 
be pointed out heie that m absence of all quantitative knowledge 
as to the behaviour of hydrogen at low tenrpeiatuies the choice 
of this dimension, though mainly a matter of guesswork, was 
arrived at by taking the length of coil in the Hampson 
liquetLei, and reducing it so as to efiect a heat intei change of 2 ' 
with a difference of teinpeiatuie of 50 ° C between the top and 
the bottom of the coil 

The next step m the construction of the appaiatus was to fix 
the flanged plates d and e, which form the top and bottom of the 
chamber B, on to the tube e The coil passes thiough both these 
plates, and e is also pierced for the passage of the exhaust pipe J 
and the liquid valve-iod h , the lattei is screwed thiough a block 
fixed to the upper surface of e, so that liy turning it the conical 
point closes the hole m the plate to a greater or less extent All 
these junctions were made with hard solder , the tube </, which 
fits exactly over cl and e, was then fixed 111 position with soft 
solder 

To allow of the escape of the hydrogen gas after its passage 
thiough the coils, a brass tube L of the same external diainctei tis 
the coil is fitted at the top to g, by means of a collai soldered 
to both tubes, and supported by distance pieces at the bottom 
The annular space F so foimed communicates with the escape 
pipe Gr, as shown 111 the figuie and section, the cold gas passing 
through it forms an excellent insula toi foi the liquid air chainbeis 
B and C 

To support the whole appaiatus, and to afford a means of 
securing the vacuum- vessel H, a collar I is soldered to the tube L 
and to a tube m inches in diameter, which rests on a flange n 
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in a hole in a shell attached to the wall ot the compiesbor loorn 
The space between m and I is packed with animal wool, as is 
also the space within the containing cylinder Q 

The vacuum-vessel H is of such a diameter that when the 
coil D and the tube A are coveied with a single layei ol flannel 
it exactly tits over them To make gas-tight junction a rubber 
img which fills the space between the vacuum-vessel and the 
iimei wall of vi is piessed between a hi ass iing 0 and a gland ^ 
The ling 0 lests on thiee short studs on the inside of on, and the 
gland IS loTced home by thiee nuts and sciews qq, which are 
fixed at their upper ends into the flange 01 

When the gland is in position the only means by which gas 
01 liquid can escape fioni the appaiatus is by the tube G, or 
thiough the opening at the bottom of the vacuum-vessel H It 
is, of couise, intended to diaw off the liquid at the lattei opening, 
and as it is quite impossible to employ a stopcock for the purpose 
the lolluwmg ariangement was adopted The vacuum-vessels H 
<md K aie both enclosed in a glass tube LL, which is closed at 
the bottom and is connected at the top by a lubbei sleeve s to a 
brass tube A which foims part of the gland p , a shoit coppei tube 
IS soldeied into s, and teiminates in a stopcock / When 0 is 
closed any liquid foimed at the valve E is letamed in H, but 
when ! IS opened the licpud can flow into K, as the gas pioduced 
by Its evapoiation can then escape The lowei part of the tube 
L is enclosed m a laige vacuum-vessel M, winch contains a small 
(piantity of lupnd an duiing the expeiiiuent, it selves lather to 
pieveut the hosting of the outside of L than to exclude heat 
The hydiogen escaping from G passed thiough the rubber tube 
into the tube It, which communicates directly with the cylinder 
P, and tluoiigh the stopcock with the main supply pipe N comiect- 
iiig the gasometei and the compiessoi The cylinder P (Fig 1 03 ) is 
of sheet /ai\q, and is soldeied to tlie thiee biass tubes It, S, and T 
The tube S, which is lined witli glass and has a window in front 
and beliiiul, eoiitaius the nozzle of the tube ii leading from the 
c>lmdei fjb, m which the vatei used to luhiicate the cylinders of the 
compiessoi is sepaiated , tins aiiangement prevents the loss of 
the gas which escapes each time the water is discharged The 
tube T leaches to the bottom of a deep vessel (Fig 103 ) filled 
with water , it serves also as an escape for the gas issuing from 
G hefoie the cock % is oivened 
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The tube / communicates with an exhaust pump, which is not 
shown in eithei figiiie It is a simple double-action pump with 
a single ejlmclei of 3-inch boie and b-iiich stioke, and dini'ii 1)> 
a half horse-powei gas engine nianitaiiis a \acunni ol 1(H) mm 
of meicury in the chambei C Ihe baiiel and plug ol the sto])- 
cock t aie boied so that C can lie cut oil iiom the puni]) and 
opened to the an Thiough the stopcock r the inp(‘ (i can be 
placed in communication with the exhaust i)um]) 

It IS now convenient to call attention to the geneial svstmn 
of heat insulation in the appaiatus The coil A is siniouinh'd 



with solid caihonic acid and alcohol contained in an eaitlumwtiu' 
batteiy jai, which is unpiotected The tube between A and ]\ is 
suiiounded with a wrapping of animal wool and ccneied with 
baize B and C aie piotected by the cold gas which udinns 
through the annulai space F aftei passing thiough the icg(m(‘iat()i 
coil D, additional piotection is afiorded by the layei ol animal 
wool inside the eylindei Q The increasing stee])ness ol the 
temperature giadient at C is compensated for by the pioti^ctive 
influence of the upper pait of the vaeuum-\es&el FI, wdnh^ the 
vacuum-vessel M, which contains liquid an, selves as a piotectiou 
to K and to the lower part of the legeneiatoi coil D It also 
prevents deposition of moistme on the tube L The method of 
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supporting the appaiutiis by the tube 'jti answeis admnabh, loi 
as the space between m and I is i^acked with wool, the gland p 
duly becomes liosted ovei when the expeinnent is at an end, 
showing that the mdux of heat in tins diiettion is inconsideiable 

The hytliogeii gas is obtained by the action of dilute sul- 
])huiic acid on comnieicial giaiiiilated zinc, and was stoied in a 
gasometer ovei watei The gasometei consists of a cjlmdei of 
slieet-iiou (No 1 (> gauge) 6 teet in height, and 5 feet G inches m 
diametei, imeited in a cyliiidiical tank, which is hlled with watei 
Ihe gas enteis and escapes thiough a 2-inch non pipe passing 
tluough the bottom ot the tank, and teiininating inside a small 
dome G inches in diainetei on top ot the imiei cylindei This 
<niangenient makes it possible to evpel the whole of the gas fioin 
th(‘ gasometei wuthout dangei ot intioducmg watei into the 
JJeloie hlling the gasometei the watei in the tank 
IS satin ated with h}diogen by passing a stream of the gas 
Unougli a tube leacbing to the liottoin This opeiation occupies 
iil)Out fiv(^ <la)s, hut it IS not necessaiy to lepeat it 

The mam l)ulk oL the bydiogen is geneiated m the following 
luaunei — About 40 lbs ot /me <iie placid in a bcei-cask fitted 
with a la]) iuinud, a dtdi\(U} tulK‘, tind tin escape pipe, which passes 
into i\ \ess(‘l till(‘d with watei and so iicts as a safety valve, a 
stoni‘w<ae eoek <it the bottom toi diawmg oft spent acid When 
all th(' <ur has lieim (‘xpidh'd horn the cask the gas, alter passing 
thiough a w asli“b()ttl(‘ iilh‘d witli a solution ot potassium pei- 
imingamite, is «illowed to mitei the gasometei The lattei 
IS thoiouglil} 'irtislinl oitf witli bydiogen lietme tlie mam rpiaii- 
tit} IS eollee-teil The ])iepaniUou ot the hydiogen occupies 
ti\i^ houiH 

The gimeiMl uutingemeiit ot the plant toi the compiession of 
th(‘ hydrog(‘ii, which jiasses llnongh the pipe NN, the cock a, and 
a t(‘ui})oiai y i*ommunicatiou made liy nuxins ot a lead pipe a, 
with two screw uimms, is showm m Fig 102 The hydiogen, oi 
<m wlam tlu‘ bittei is to lie hquetied, is Inst ot all taken into the 
low-piesHuie (‘vlnuhu /3 ot the < ompiessoi, winch has alieady 
l)iH‘ii d(‘S(uib(‘(l on p 1 00, and, ])as^mg thence thiough the coil, 
ki‘pt (‘ool hy a eiment of watiu which enciilales thiough the 
tanks suiioundmg th(‘ cylmdeis and coils, enteis the lugb- 
])ressiue evlmihu 6 tluough the tube S, under a x^^^ssuie ot 
aliout 1 G atmosplaues A small quantity of a mixtime of 
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glyceiol and water containing 5 pei cent ot caustic soda is taken 
into the low-pressure cylinder, togetliei with the gas Tlui 
mixture is contained in the vessel rj, and the flow is eonti oiled 
by the glass stopcock and the ariangement shown in Fig 10 > 
In the second cylinder the piessiiie is laised to about JOO 
atmospheres, and the gas, aftei passing through the coil co, entcis 
the cylinder /jl, in which the vatei used m lubiieating the 
cylindeis is sepaiated and expelled thiough the cock K This 
watei, togethei with a little gas, passes along the tube u, and 
enters the cylmdei P, the watei flows into the tank e, <ind dining 
the compiession of the hydrogen the gas is allowed to ictuiu 
to the gasometer thiough the cock i The details oi tins ])ait ot 
the apparatus have alieady been described 

The gas fioin fi passes into the cylindei X, winch contains lumps 
of solid caustic potash to lemove tiaces ot moistiue oi of otlun 
impurities This cylinder is employed in conipiessing both «nr 
and hydiogen, and can he connected by the tube r eitliei with a 
Hampson aii-hquefiei, oi, as in the figuie, with the coil A oi th(‘ 
liquid hydiogen appaiatus The tube t also communicates with 
a gauge, and with a cock r thiongh which, if the iiiessuic he(M)mi^s 
too high, the excess of gas may be allowed to escape into the 
pipe connecting the gasometei and the coinpiessoi Tli<‘ 
liqiiefier, of which the detail has alieady been given, does not 
leqniie fuithei description It is snfhaent to state that tlu^ gas, 
after passing through the coils in Q and L, expands at the valv(‘ s, 
controlled by the milled nut a, and hmilly letnins by the t,ub(‘s 
G, W, and It, and the stopcock g to tlie tube N 

The loss of gas duiing each expeiiinent amounts to <il)out 10 
pei cent of the whole, and since an and othei gas(\s ot Ingliei 
boiling point separate as solids in the vacuum-vessel 11, the gas 
becomes puiei each time it is used 

Duiing the two oc thiee days immediately ineecHling <in 
experiment the compressoi is employed in i^noducmg liquid an, us 
described on p 190 The liquid an is stoied m vaeuum-v(‘ssels 
holding altogether about 8 lities Comparatively little loss occurs 
thiough evaporation, and the vessels aie usually tilled uj) on tlie 
last morning Aftei preparing the liquid an it is advisable to 
take the compressor m pieces and caiefully inspect the valvt^s, 
springs, and fibre -packings In the meantime the IIam])S()n 
machine is leinovecl, the connections axe made hetiveen the potash 
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cylinder and the hydrogen liquefier, and the lead pipe cr connect- 
ing the supply pipe NlsT with the intake ot the compressor is 
placed in position 

The actual experiment requires lour persons one contiols 
the valves a and h , the second attends to the compressor, regulates 
the escape of the water from the cylindei /x, and opens or closes 
the cock a as the pressure rises 01 falls , the third sees that the 
vessel in which the coil A is immersed contains sufficient solid 
caibon dioxide , the fourth hands the vacuum-vessels of liquid 
«ur as they aie required 

The first step 111 the operation is to cool the liquefiei to the 
teinpeiatuie of liquid an Liquid air is first poured into the 
chauibei B, and is allowed to flow into C by connecting it with 
the exhaust pump through the cock t, and turning the valve 1 
When 0 is partially filled, and the vacuum gauge indicates that 
the li([uul an is not evapoiating at a great rate, the valve h is 
closed, and the coc*k t is turned so as to cut off the exhaust and 
leave the eli.uubei 0 open to the atmosphere (p 200) 

The vacuum-\essel M, and the tube L with the vacuum-vessel 
it contains, aie moved by rolling ii]) the luhhei sleeve .s into the 
tube /g and lowtunig the ciadle 111 which ]\I is suspended The 
rulibei ca]) caiiynig the cock V is then litted to the no//le ot H, 
and connected with a lulihei tulie di])])ing into a vacuum-vessel 
filled with Inpiid an 

The eseap(‘-pipe (), fiom which the lubbii tube l]<is already 
bt'en removed and lephujed b) a iiibbei coik, is now eoimccted 
with the (‘xhaust pump thumgh the cock i!’ Liquid air is drawn 
into the vaeuum-vesscd H, and on closing the cock d boils under 
lediued pressuKq cooling the regeneratoi coil to below — 200'^ C 
r>y cdosiiig tlie cock v, lemoving the iiibher cork, and opening the 
stopco(dv r, the Inpud flow^s out of If The rubber cap securing 
/; is now mo\ed, th(‘ tube L and the vacuum-vessels M and K 
are lepl.ieed 111 jiosition, and the rubber sleeve s is secured to L 
with a single turn of (U)})per wne 

lleaiiwhile the assistant in ciiaigc of me compressor has 
lemoved all an from the compiossion aiqiaiatus by opening the 
CM)cdv a (Fig 102>), allowing the conqnessoi to make a lew revolu- 
tions, <uid tlum stop])ing it and opening the cock p This operation 
IS ic])ealt‘(l three or four tiines , the pressure is then allowed to 
use, the valve (c (Fig 10 2) Ixnng closed, and the gas iSsallow’'ecl 
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to escape, il necessaiy, tliiough the cock t mto the pipe The 
arrangements are made so that the pressiue is laised to 200 
atmospheres by the time the liquefaei has been cooled and tlie 
vacuumr vessels K, etc, leplaced in position 

The lemaining operations maybe slioitly desciibed {'oni- 
munieation is once moie established between the cliaiiibei C and 
the exhaust pump, and the valve h is carelully legulated, so tlial 
the hqiiid an does not enter too fast, too rapid a flow is <it once 
indicated by a fall of the nieicuiy iii the vacuum gauge 'I'lie 
expansion valve is then opened hy tuiniiig the nulled nut «, and 
the gas passing upwards through the coils, thiougli the annul, ii 
space T, and through the tubes (t, W, and R, hnds its way into 1\ 
and, in oidei to remove air horn the appaiatus, is allowed loi ,i 
few moments to escape thiough the watei in the tank e The 
cock % IS then opened, and the gas is allowed to circuLato tluough 
the system The chamber B and the vessel containing the cod 
A aie continually replenished with liquid an and vith solid 
carbonic acid respectively 

The whole difliculty in this part of tlie expeiinieiit lies in 
properly regulating the escape of the hydrogen The rate ol ilow 
of the gas is roughly indicated by the height of tlie glycerol in the 
gauge z, which shows the pressuie in the inteiioi ot the ajipanitus 
caused by the friction of the gas in the tubes G, W, and li It ns 
intended in future expeiiments to introduce, in place ol "JV, ,i cod 
of lead pipe, and to connect the top of the glycerol gauge with <i 
tube leading into the cylinder P, as it will then give an absolut(' 
reading of the rate of flow of the gas 

The reasons for which it is necessary to carelully legulatt* the 
valve are twofold Fiistly, the hydrogen must not pass too 
quickly thiough the refiigeratmg cods, oi the gas is nisufhciently 
cooled secondly, since liquid hydiogen has a veiy low and spccdic 
gravity (0 OG) the gas and liquid do not sepaiate easdy <it tlu' 
jet, and much of the latter is lost Further, since the eflieiemq 
of the regeneiatoi coil is dependent on the late of tiansiuission 
of heat through its walls, and this is proportional to then sup(u- 

ficial aiea, the maxim effect is attained with a limited (luantity 
of gas 

To guard against blocking of the lalve by the deposition ol 
solid impurities, the milled nut a is turned slowly backwards and 
forwards during the whole experiment The screw at the end 
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of the valve-rod fits so tightly into the brass cylinder containing 
the jet that no gas can escape from the liquelier through the steel 
tube c, and it is necessary at times to apply some foice to a In 
constructing anothei machine I should either place the screw on 
the valve-rod 111 the tube e, about 2 inches above the valve, 01 1 
should ease the screw in its socket and place a gland round the 
valve-rod at the top of steel tube (' 

There appears to be no danger ot the coil becoming blocked 
thioiigh the deposition of solid matter inside it, even though the 
hydiogeii contains 2 or 3 per cent of an and perhaps tiaces of 
<iisenuretted hydrogen, hydrocarbons, etc It must be remembered 
that within the regeneiator coil, even very close to the jet, the 
temperature of the gas does not fall below its ciitical point, 01 it 
would become hlled with liquid, and it appeals that this is not 
tlu' case Under these conditions a gas is capable of holding a 
considcndile ([uantity ot solid inattei %n solution, a phenonienoii 
winch has nut been fully explained This may account loi the 
tact nieiitioiicd above Kolid impuiitios do, howevei, separate 
lioiii the liquid 111 the vacuum-vessel H , but as the liquid on its 
way to the vessel Iv is obliged to pass thiougli a jnece of bai/e 
piessed down into the bottom ol H by a spinig, it can be collected 
<is a jicilectly cdeai liqiiul 

Almost imiiK'dmUdj tlu' Vedve E is opened the inside of the 
v.iciuiiii-vesscl 11 becomes co.ited with a hiym ot white niattei, 
which IS jnobiibly solid <111 The cook / is Jiom time to tune 
tinned, and shoilly, by placing a light behind the lower part of 
the aiip.iiatus, liquid is seen luiming in a taiily lajnd stream from 
the nozzle of H, and collecting 111 Jv, which rapidly becomes hlled 
The How ot the gas honi the jet can then be checked, the tubes 
M .ind L loweied, .uul tin' vacuum- vessel K, which is attached to 
a wire, withdiawii and placed 111 another vessel containing a little 
liquid an It would then he possible to replace anothei vacuum- 
vessel m L, to restore L and M to their oiiginal positions, and I0 
]iio]iaie a, luither quantity of In pud liydiogeii This has not, 
howevei, been attem])ted 

The -qipanitus which I have desciibed, with the exception of 
the eompiessoi, the motoi, and the Ihimpson aii-liquehei, which 
together cost about L 200 , is comparatively inexpensive The 
gasometer cost about £1 5 , the mateiial used m making the hquehei 
amounted to about £5 , and possibly, in addition to the sum 
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namedj anotliei £o0 was spent in the expeiiinents Each timc^ 
liquid hydrogen is made, 5 kilos of solid caibomc acid and H 
litres of liquid air are used This invohes a fuither cost of about 
£1 These figures indicate that the cost of liquid hydiogeu is 
not excessive ^ 


Note — Since tins account ot the method of liquefying liydiogen wan 
written, the apparatus has been somewhat alteied It was found that the 
dimensions of the coil B were insufficient to cool the gas rajiidly to tlu^ 
temperature of liquid an This difficulty was o\ercome hy inseiting a coil, 
similar to A, betv\ een A and B, and suriounding it wnth liquid an 
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THP] MANIPUrATION OF LIQUEFIID OASES 

Vatuuiu \c&selb — CondLiisdtioii of gases — (^oubtaut teinpeidtiiK s b} means ot 
li<[iKhed gases — Fiactionatiou ot In^^iielied gases - Distill ition of atmosphciic 
nitiogcn — Sepaiatioii of the iiiactue gases — The eompositioii and boiling ]>oint 
of li(|uid in —Fi actional distillation of a mi\tiue 

The Manipulmion oi Lk^uitom) Gases — T lie iiitioduction ol 
the uow well-known vacuum-vessels by Dewai lias leiideied the 
manipuLition ut li(|uehed gases a mattei of coiu])(Uati\ e simplicity, 
and as the'^e vessels iii one toiiii oi anotlim aie extensively used 
HI this kind ol woik, it will be well to sa) somethin g about then 
coiisti notion and use 

The usual loiius ot \tuuuni-- 
vessels aie shown iii Ki<g 104 
They may he eilluu (‘yliudncal 
Ol gloliiilaij <uid tluMi si/e is 
limited only by the diameter oi 
the mouth wheie the junction 
hetwTHMi the ninei and oiilei 
tube is made It may be 
m)t(‘(l that the v(‘ssels are less 
liable' to {'lack at the junction 
d the juuetiou between tlie two 
glass tubes lies on the outside 
The space between the glass 
walls must bi' veiy thoioughl> exluiusteil A Toiilei pump 
(p 7) may be used loi tin' purpose, and the exhaustion 
should bt' continued until a vacuum tiibt' attached to the appa- 
latus shows a biilliant pliosphoiesceiice under the inrlueuce ol 
the electiic* dischaige (]) 40 1) The tube should be heated 
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during the exhaustion Onnes employs an asbestos oven heated 
by coils of wne, thiough which an electiic cuirent is passed 
The tube is heated both on the inside and on the outside 

The e\apoiation of liquid air contained in a good vacuum- 
vessel takes place only \ery slowly, since the heat radiated across 
the vacuous space is only one-seventh of the total heat whicli 
would leach the innei vessel weie the jacket to contain an The 
efhcieney of the vessel may be still fuither incieased by intio- 
ducing a globule of mercuiy into the vacuous space , the meicuiy 
vapour deposits in a metallic layei on the suiface of the innei 
vessel, paitidlly reflecting ladiation from the outside The tubes 
may be silvered on the inside hy one of the usual chemical 
processes Hempel (i?e? 1898, 31 , 2983) states that a layer of 
eider-down is a more efficient insulatoi than the racuous space, 
it IS, however, usually necessaiy to observe what is taking place 
inside the vessel The addition of a layer of insulating mateiial 
IS at the same time an advantage if the liquid an is to be 
preserved foi a long time, thiee oi foui hours or more, oi trans- 
ported fiom place to place 

Liquid an may be poured fiom one vessel to another without 
danger of cracking the glass, if a little of the cold vapour is 
allowed to flow o\er the edge of the first vessel into the second 
before the liquid is pouied out If the vessels aie made so that 
the joint between the innei and outer cylindei lies on the out- 
side of the hp, which is caiefully rounded, they are much less 
liable to ciack than if the junction is made so that the liquid 
can come into contact with it when it is poured from the vessel 
If, however, the glass does crack, the vessel usually flies to 
pieces with a loud report, but without doing damage The liquid 
may be tiansferred fiom one vessel to another by intioduciug 
into it a syphon passing through a rubber stopper which fits into 
the mouth of the vessel The stopper should be held down by 
hand so that the piessuie of the vapour forces the liquid through 
the syphon The syphon should be made of rubbei tube "of 
5 mm diameter 

Vacuum - vessels for use with the Hampson liquefaction 
apparatus and for similar purposes are made with an opening at 
the bottom (Fig 2) , the spiral connecting tube gives sufficient 
elasticity to eliminate strain The liquid an may be drawn off' 
through a metal tap connected by a rubber junction with the 
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projecting glass tube The tap should always be opened veiy 
slowly so as to allow the cold vapour to pass tluough the s])iial 
befoie the liquid enteis it It is usually necessary to 
close the top oi the vessel with the hand so as to foice 
the liquid through the tap 

It must not be foigotten that the tempeiatuie ot 
liquid an uses ia])idly as the nitiogen evaporates, and 
that Its boiling-point cannot be taken as delinite, as 
has been assumed by some obseiveis The tempeiatuie 
can always be deteiniined by means ot a hydiogen 01 platinum 
lesistaiice theimometei, 01 by making an analysis of the vapour 
winch IS being given off by it (p 224 ) Constant tempeia- 
tuies can only be obtained by means ot pure liquids , and by 
employing methyl chloride, sulphur dioude, nitious 01 nitiic 
oxides, ethylene methane, oxygen, nitrogen 01 carbon monoxide, 
l)oiling undei dilfeient piessuies, an almost complete lange of 
tempeiatuie down to — 210 '^ C can be aiiived at 

A gas may ])e condensed in a glass tube suiiounding the 
bulb 01 other appaiatus to be cooled, as 111 Fig 111 , p 228 , 01 
it may l)e liquelied in a tube and the Inpiid delivered by a syjdion 
into a vacuum-vessel loi the expeiimeut In eithei case all the 
connections must ])e au-tight so as to <ivoid loss ol the gas, which 
becomes purei tiom the repeated 1 1 actio nation to which it is sub- 
lected The gas should be fiecd lioni w<itei 01 alcohol vaiioiu, 
01 the hcpiid will be opaque, and aiiangements should be made to 
pump off any uucondensable gas whicli may be pieseiit, and winch 
would collect on the condens<ition bulb The tube in which the 
gas is condensed is suiiounded with li(|uid an in <i vacuum- vessel 
n, as m the case oi ethylene, the licpid solidifies, it is necessary 
to low^'ci the \acuiim-vessel to allow the solid to melt and to lun 
to the bottom of the tube On the other hand, it will only be 
possible to Inpiefy nitrogen or carbon monoxide eithei by the 
application ot piessine on the gas 01 by making the liquid an 
in the siurouudmg vessel boil under ledueed piessure (p 210 ) 
If the liquid is to be allowed to boil in the tube m which it is 
condensed, as soon as a sufficient cj[uantity has collected, the 
vacuum-vessel should be lowered so that the condensation tube 
IS quite flee of the liquid air, the 'mouth of the vacuum-vessel 
IS then plugged with wool By this means the condensed gas 
only leceives heat slowly, and when its tempeiatuie rises to the 

r 
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boiling-point evaporates quickly Fiirtliei, no moistuie is de- 
posited on tlie outside of the tube, and this is often highly 
important 

The determination ot the boihng-point of liquefied gases will 
be dealt with in Chapter xvii , and it is only necessaiy to state 
here that it is sometimes essential to guaid against supei- 
heating of the liquid This may easily be done by passing a 
stream of the gas through a fine capillary tube through the 
liquid (p 213), or by dropping small scraps ot metal into it 
This IS particularly important in the case of nitrogen, of freshl} - 
made liquid air, or of liquid air boiling under reduced pressure 
In the latter ease Estreieher employed a current of hydrogen 
(p 239) 

It is extremely difficult to maintain a constant temperature by 
evaporating a liquid under very low pressure A small reduction 
of pressuie may he obtained by connecting the vessel containing 
the liquid with a water -pump , a gauge and a laige globe should 
be interposed (p 316) Very low pressures can only he ariived 
at by means ot a mechanical pump , and if one considers that 
1 cc of liquid air evaporating undei a pressure of 8 iiini of 
mercury gives rise to 100 litres of gas, this is hardly surprising 
At the same time a very considerable lowering of the tempeiatuie 
can be effected for the purpose of separating gases by fiactional 
distillation by the use of a Fleuss or Carre- pump A consideiable 
advantage is obtained by surrounding the vacuum-vessel con- 
taining the liquid air boihng loi vacno with another vessel also 
containing liquid air 

The separation of the gases in a mwtmc ly factional dis- 
tillation — As a method for the preparation of puie gases this 
process was first employed by Olszewski in the case of ethylene 
and afterwards by Kuenen to the preparation of pure ethane, 
by Dewar to the separation of helium from Bath gas, and by 
Eamsay and Travers to the separation of the inactive gases of 
atmospheric air The method is capable of wide extension, and 
18 at present the only one by which hydrogen or nitrogen may 
be separated from gases, such as the hydrocarbons oi oxides of 
nitrogen , the applications of hqmd an in this direction have yet 
to be worked out Since all known gases (with the exception of 
hydrogen, neon, and hehum) can easily be liquefied at a pressure 
of a little over one atmosphere at the temperature of liquid an. 
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the operation can be earned out in thin-walled glass vessels To 
illustiate the method of opeiation it will be well to describe a 
few of the expeiiments which have actually been earned out 

1 Se^parahon of ethylene fo om ejases of lowe^ 'ho%linq-po%nU — 
The action of sulphuiic acid on ethyl alcohol gives rise to the 
formation not only of ethylene but also of consideiable q[uantities 
of carbon dioxide, sulphur dioxide, and carbon monoxide The 
fiist two may easily be absoibed by caustic soda, the ethylene 
may very easily be condensed and solidified at the temperature 
of liquid air, its boiling - point being — 102 5°, the caibon 
monoxide, however, boils at — 1 9 1°, and can only be condensed 
by the application of pressure The apparatus employed is shown 
in Fig 106 

The U - tube a, which contains a strong solution of caustic 
soda, IS connected with the 
gasholder containing the 
mixtuie of gases, and with 
a tube &, 'which passes 
thiough a lubbei stoppei 
m the neck of the liquefac- 
tion bulb and leaches neail> 
to the bottom The tube 5 
should be about 15 mm in 
diametei, oi it may become 
choked with solid ethylene 
The tube d is connected 
through a two-way stop- 
cock c with a gasholdei to leceive the puie ethylene, and with 
a tube / which dips below the surface of the water or mercury 
m a vessel 

The apparatus is fi.rst exhausted and filled with ethylene, 
and a vacuum-vessel filled with liquid air is brought below the 
bulb and raised so as slowly to increase the cooled surface of the 
bulb The gas condenses rapidly at first, but after a short time 
the bulb becomes filled with uncondensable gas and condensation 
ceases The stopcock e can then be turned so that a slow stieani 
of gas escapes at / bubbling through the liquid The rate of 
flow of the gas can easily be regulated, so that piactically the 
whole of the ethylene is condensed, while the carbon monoxide 
escapes Tt may, however, be necessary to lower the vacuum- 
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vessel once oi twice dining tlie expeiiment, as tlie layei of solid 
ethylene in cl is highly non-conducting, and must he allowed to 
melt so as to leave as laige a condensing surface as possible 
- When the whole ol the gas is condensed the liquid air may 
be removed, and the first j^art of the gas, which contains (ail)on 
monoxide, allowed to evaporate and pass back tliiough the U-tube 
into the oiigmal gasholder The lemaindei may then be collected 
in the gasholder intended to leceive the puie ethylene To make 
quite certain that the gas which is being collected is ])ure, a 
platinum resistance theimometer may be enclosed in the 
liquefaction bulb, and the tempeiatine determined during the 
operation as in the fiactional distillation of any othei IkjuuI 
This IS more important in piepaimg ethane oi the higher 
hydrocarbons 

This method may be employed in the preparation of methane, 
nitric oxide, and other gases 

2 The fiact%onat%on of atynosplu'i ic mhogai {Plnl Tu(nt> 
1901) — In order to obtain the lightei constituents ol atmospheiic 
air a quantity of nitrogen, about 100 litres, was condensed 
in a glass bulb inimeised in liquid an boiling under reduced 
pressure The gas condensed lapidly undei a piessuie of about 
2 5 atmospheres, and when the bulb was about tw^o-thnds full 
it was placed in communication with a gasholder, and about five 
litres of gas was collected 

This gas should have contained the greater part of the neon 
and helium from a litre of argon, but the actual lesult was 
disappointing, for on removing the nitrogen from the gas the 
inacti\e residue was found to consist of normal aigon only It 
appeared that the evaporation of the liquid in the bulb had taken 
place at the surface only, and that there had been no fiactiona- 
tion This IS probably connected with the fact that liquid 
nitrogen shows a remarkable tendency to become siipeiheated, 
and can only be made to boil steadily by passing a cur rent of gas 
through it 

Since foi this reason it was evidently impossible to obtain 
the helium and neon from air by simple fractional distillation, 
the following process was successfully employed It has been 
pointed out (p 192) that when the Hampson li([uid air plant 
IS so airanged that the air flows in a closed circuit, the 
quantity of the lighter gases in the unliquefied portion of the 
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air continues to mciease Con siclei able advantage could be 
obtained by submitting this an to fiactional distillation, a x^rocess 
Minch was earned out 111 the tollowmg niannei — 

The blow-off cock S on the Hanix)son machine (p 191, Tig 100) 
was connected with the tube a of the liquefaction bulb (Fig 101), 
which had a capacity of 120 ec, and ^ ^ 

with a meicury inanoinetei about two 
metres in height The tube a was 
sealed to a capillaiv tube which 
leaclied iieaily to the bottom of the 
bulb, which was also in communica- 
tion through a side-tube and a pan of biass stop- 
cocks soldeied to a T- piece with the tube a, and with 
the gaslioldei 111 which the lightest fiaction of the 
gas could be collected The apparatus was immersed 
as fai as the side-tube in a vacuum-vessel containing 
luxuid an 

Duimg the liquefaction the cock c vas shut, and 
the cock 1) was open so that the gas could ha\e tiee 
access to the bulb The xuessuie on the gas was 
legulated to about 2 5 atmos])heies by oxienmg 01 
(dosing the esca])e-cock P on the Ilampson machine 
When about 100 ec oi liquid had condensed, the 
cock h was closed, so that the an could only entei 
th(3 bulb thiough the cajullaiy tnlie The cock c 
wuis then slightly opened so as to allow >some of the gas pioduced 
by the evaxxnation of the Inxnid to jiass into the gasholder , as the 
li([Uid was thoioughly stnual by the cuiient of gas which entered 
thiough the caqnllary tube, the Inpiid lioiled and did not evaporate 
fiom the bill lace only When al)Out five litres of gas had been 
collected, the cock c was again closed, and by of)ening the pinch- 
cock (I, the Iniiiid leinaninig in the bulb was run into the 
vacuum- vessel suiioundnig it Aftei closing cl the ajiparatus 
was leady foi a second opmauon 

In this ])iocess the an was found to have undeigone an efficient 
fiactionation, loi aftei Kunoving the oxygen and nitiogen fiom 
the gas the lesidue contained at least 10 pei cent of a mixtuie 
ol neon and helium 

o The fractioiKdion c/ a hnosiilio it mgon, and the &pa^ ation 
of nco}i (Ilamsay and Tiaveis, P)oc PiOfj Soc 63 , 438, 64 , 183 


Fk 107 
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Plh%l Trans 1901) — The preparation ol a large quantity ot 
argon (15 litres), for the purpose of determining whether it 
would be possible to sepaiate it into its possible constituents by 
fractional distillation, has already been leferied to (p 106), it 
remains to describe the method by which the process was cairied 
out, and the results to which it led 

The argon, which was stored ovei watei m a zmc gasometer, 
was liquefied in the bulb b of the apparatus shown in Fig 108, 

which it entered through 
the tube a The bulb 
had a capacity of about 
2 5 c c , and was surrounded 
by liquid an contained in 
a vacuum - vessel The 
air was made to boil 
undei a pressure of a few 
centimetres of mercury by 
means of a Fleuss pump 
attached to the tube c 
The argon rapidly and 
completely liquefied to a colourless mobile liquid , it show^ed in ) 
absorption spectrum Its volume was about 17 4 cc By turn- 
ing the tap d it was placed in communication with the fiist of the 
series of mercury gasholders, e, the reseivoii was then lowered so 
as to remove the lower-boiling portions of the liquid During this 
distillation, which took place at constant temperatuie, the pressiue 
on the boiling air was kept as low as possible This gas sub- 
sequently turned out to be rich in neon, and to contain helium 
The remainder of the argon boiled back into the gasometer until 
the last few drops were left , the residue solidified, and finally 
gave a gas to which we gave the name metargon , it was collected 
in mercury gasholders As will be subsequently shown, the 
xenon in this quantity of argon are too minute for 
detection A similar operation for the purpose of separating 
the lighter as well as the heavier constituents was after waids 
repeated three times, the middle portion of argon being always 
returned to the large gasholder A fourth liquefaction was 
carried out in which six meicury gasholders weie filled with si\ 
separate fractions of aigon, each taken after each successive fifth 
of the total argon had evaporated These fractions were next 


a 
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puiified Iroin any nitrogen accidentally present by sparking with 
oxygen over caustic potash Aftei the lernoval of the oxygen 
the density was detei mined The results are expressed in terms 
of 0 = 16 


C ipacity of Bulb 

Temp 

Pressure 

Weight 

Density 

c c 


mm 

gram 


(1) 37 762 

19 05° 

535 1 

0 03786 

19 65 

(2) 

15 70° 

712 0 

0 05265 

19 95 


17 00° 

662 2 

0 05012 

19 95 

(4) 

14 55° 

1 749 8 

0 05460 

19 91 

(5) 

15 60° 

1 740 4 

0 05389 

19 97 

(^) 5: 

16 15° 

760 2 

0 05501 

19 95 


Fi action 4 ceitainly contained a trace of mtiogen, and it is 
probable that fraction 1 still contained some neon, though this 
could not be detected The lesults show conclusively that the 
inactive constituent of atmospheiic an consists almost entirely 
ol aii>on, and that substance is homogeneous in its character 
The density of aigon, when more accuiately determined, was 
found to be 19 955 

The light gas obtained 
by the hactionation of the 
<iigon was then submitted 
to a fuithei iiactionation 
in the appaiatus shown 
in Fig 109, which has vsmce 
been fieciueiitly employed 
for similar puiposes The 
gasholdei A is connected, 
thiough the stopcock 1), 
with the licpiefaction bulb 
( 1, which communicates 
with the Toplei pump 
thiough the stopcock 1) 

The gasholder is connected 
by a lubbei tube with a 
meicuiy leservon, and the 
bulb c is suiiounded with 
liquid air contained in a vacuum- vessel Before introducing the 
gas the bulb 6 was exhausted, and to lemove air from the bore of 
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the stopcock the nieieurj- resei\on was loweicd so us to juoihic'c 
a barometiic \acuiuii in A, and the stopcock V> was IuiiumI, us in 
the figuie 

The vacuums essel smioiinding the hull) C was tilled with 
liquid air, which was made to boil xmdei leduecd ])iessiiu‘ 1)> 
means of a Fleiiss pump which was connected witli it !>) 
immersing the vacuum-vessel siuiounding the Indh in <inotlu‘i 
vessel containing liquid air, it was possilde to ieduc(‘ the t(‘in- 
peiature to — 205° 0 without much lahoui 

The niixtuie of aigon with the hghtei gases (1), whuh Ihul 
the density 14, condensed without dihiculty, and liy sinipl} 
laising the mercury reseivoir the whole ol it IkjuoIuhI in 
bulb It was then allowed to evapoiate in hve a])pu)\ini(di(dy 
equal fractions (2 to 6), 111 which, as then densities show, tlie 
c^uantity of aigon piesent successively incieased lu the lollow- 
ing scheme of fiactionation the nunibeis in biackets i(q)ies(‘nt 
the densities of coiiespondmg fractions — 


16-1 

\- 11 - 


-22 ■ 


28 


1 (U 0 )- 


■2 (13 4 )-, 
|-3 (16 2 ) 
-4 (16 6 ) 
-5 (17 2 ) 
-6 


- 7 (9 75 )- 

- 8 

i- 9 (16 5 ) 

i 

1-10 

■11 (17 7 ) 
■12 


/ Uj 

1 ' 20 

mjoJ 

,-13 

1 

21 , 

- iqJ 

1 1 — 23 (8 3 ) 

-- 14 ^ 

32 

^ -20 - 

_ 



'-33 1 

1 

- 21 - 

1 |- 21(10 6 ) 


Ni* mid II( 


- 1-25 

1-26 

L .7 


Np and A 


The heaviest fiactiou (6) -was next nitioduoed into the j'iih- 
holder, and liq^uefied A poition of it, about a (|n<utei, was then 
allowed to evapoiate, and the denser poition wlncdi lounuued 
behind was removed through the pump and collected sepaiately 
(12) The lighter gas was then liquefied togethei with liuction 
5, the denser portion forming fiaction 11, the ligliiei poition 
being mixed with fraction 4 and reliquefied This piocess 
was repeated with each of the existing fractions, with the lesiilt 
that SIX new fractions of gas were obtained and, as the densities 
show, a considerable separation was effected 
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The lightest fiaction, No 7, which no longei showed the 
spectrum ot aigon, had the density 9 7, and could not he con- 
densed at the tempera tuie ot liquid an boiling iindei i educed 
piessure, even under two atmospheies piessuie In oidei to 
tractionate it fuithei, it was nii\ed with a consideiable volume^ 
ot oxygen, and the niixtuie Avas In^uehed and allowed to e\apoiate 
in three tiactions (1 >, 14, 1^) It is notewoithy tluit while 
the piesence ot a small quantity, an equal volume, ot aigon is 
suthcient to cause the neon to liquefy, the gas cannot be easdy 
condensed with tlnity times its \ulume ot oxygen and intiogen 

Aftei removing the oxygen liom each tiaction sepaiately, it 
was found that in the thud (15) alone could the spectium ot 
aigon be detected by visual examination the otliei fi actions 
appealed to consist of puie neon When, however, the spectrum 
ot the lightest fiaction (13) was photogiaphed, the helium lines 
(X,= r)871 and 5010) appealed on the plate This obseivation 
uitiodiiced a new teatuie into the woik, toi although no ditliculty 
had been cxpeiienced in sepaiating the aigon lioni the lightei 
gas, it appeaical piobable that the sepaiation ot neon and licdium 
tioni one anotliei would ])iove consideiably inoie tioublesome 

111 the next stage ot the opeiations, tiactions 13 and 14 
weie iKpiehed scqiaiately with excess ol oxygen, and each A\as 
divided into thiee pails (10, 17, ItS, — 19, 20, 21) Attei 
lemovmg the oxygon and ex<imiiiiiig the liaetions si)eetios(*op]- 
eally, li.ietions 1 0, 1 7, <ind 1 9, which contained tlie gieatest 
(piantity of helmiu, weie coiuluned, as weic fiactions 1 <8 and 
20, which should have contained the piuest neon The two 
lattei, mixed, had the density 8 3 , they pio])al)ly still con- 
tained helium 111 coiisidciable quantity Tiaetious 8 to 12, 15, 
tuul 21 weie fuithei iiactionated, and yielded about 20 c*c of a 
gas of density 10 0 (24) 

Tiaction 22 was now divided into two paits (28 and 29) by 
fi.ictiouatioii with oxygen, and the hcaviei fiaction (29), nuxial 
with fiactions 2 > and 24, w<is liquehed with oxygen and divided 
into foul paits The lightest pait ( >0), as ceitainly containing 
helium, was mixed with fiaction 28, the two middle fiactions 
weie mixed and icfiaetiouated with oxygen, the lesulting 
fiaetions, 34, and 35, Iniving densities 8 3 and 9 8 respectively, 
the heaviest iiactiou, a single bubble of gas, consisted almost 
entirely of argon 
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So far, it IS probable that the composition of fi action 35 
approached most closely to pure neon It ceitaiiily, however, 
contained both helium and argon, and it was evident that in 
order to obtain a weighable quantity of the gas, it would be neces- 
sary to start from a much laigei quantity of the crude mateiial 
The exact details of the various attempts which were made 
to liquefy neon have been desciibed in a paper before the 
Royal Society {Fh%l Trans 1901) It suffices to state here that 
though it was found possible to separate the gi eater part of 
the argon from the gas by fractional solution in oxygen, there 
be no great difference between the solubilities of 
helium and neon in the liquid 

The separation of these two gases was ultimately accomplished 
by liquefying them in a bulb cooled by liquid hydiogen At 
this tempeiature the neon condensed, possildy to a solid, and 
its vapoui pressure was not moie than 50 mm , the helium 
appeared to remain gaseous, while the aigon was non-volatile 
Aftei condensing the gas the first fraction was taken into the 
pump (p 215), it contained a large quantity of helium The 
second fraction, which evaporated slowly, was collected separately, 
and after removing the vacuum-vessel containing the hydrogen, 
a third fraction containing argon was collected The second 
fraction was then recondensed, a small quantity of it was allowed 
to evaporate into the pump, and the mam bulk of the gas was 
collected as pure neon , the last tiaces of the gas were again 
discarded since they might contain traces of aigon 

The fraction of the gas supposed to be pure neon was found 
to have the density 10 

2 The separatwn of hiyjotoyi and xenon f^om a%T — When 
liquid air is allowed to evaporate quietly in a vacuum-vessel, 
the last traces of liquid consist almost entirely of oxygen (p 
223), with small quantities of nitrogen, argon, krypton, and 
xenon The latter are present only as traces, as they aie present 
in the atmosphere to so small an extent that they cannot be 
detected in the residue obtained by the fractionation of 15 
litres of atmospheiic argon The Hampson process for the 
production of liquid air is itself one of fractionation, about 5 
per cent of the total air which passes through the coils becoming 
liquid, and it is probable that the whole of the xenon and part 
of the kiypton are condensed , it is certain that when the air is 
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made to circulate through the apparatus (p 191), the quantity 
of the heavier gases in the residue from the liquid air is very 
much reduced Under the most favourable conditions a litre of 
liquid air might yield 0 1 to 0 2 c c of xenon, which may be 
present in the atmosphere to the extent of 1 part in twenty 
millions 

The liquid was allowed to evaporate, the gas being collected 
in a gasholdei , the oxygen was removed by passing the gas 
togethei with hydrogen through a heated iron tube, and the 
nitrogen was absorbed by means of the mixture of magnesium 
and lime The residual gas was then sparked with oxygen, or 
passed over heated copper oxide to remove traces of carbon 
monoxide 01 hydrogen, and after tieatment with soda solution 
was ready for fiactionation 

The fiist quantity of the gas obtained in this manner 
(Eamsay and Ti avers, Roy Soc 63, 405) had the density 
22 5, and its spectium showed the biilliant yellow line, 
I)^(X= 587l) Attei the first fiactionation the li action, which 
was supposed to contain the heavier gas, was found to have a 
density baiely exceeding that of argon, though the brilliance 
of the jellow line was not dmimished It was alterwards 
shown that the fall 111 density was due to the conqilete 
lemoval ot the xenon, which had icinamed in the fiactionation 
bulb, as its vapoui piesHuie at the tempeiatuie of Inpiid air is 
infinitesimal That the gas of density 20 showed the kiypton 
hue biilhantly, though the density of the latter gas is 40 8, is 
due to the fact that tlie spectrum of krypton, like that of 
mercuiy, is appaient when only a tiace of it is present 111 
another gas 

The apparatus employed in fractionating the gas was the 
same as that employed m separating neon from its companions 
(Fig 108, p 215) When a sufficient quantity of the inactive 
gases from Inpiid air lesidues Iiad been collected, it was liquefied 
at the tempeiature of li(j[uid air, the first portion, consisting 
mainly of aigon, was allowed to evapoiate into the gasholder A, 
and the lemaimng gas, which was rich 111 the heavier constituents, 
was collected separately The last traces of gas were taken off 
through the pump, the vessel containing the liquid air being 
lowered to allow the xenon to volatilise completely In this 
way about 300 c c of heavy gas were obtained 
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The whole of this gas (1) was mtioduced into the gasholdei, 
and after being liquefied was allowed to eva^ioiate in &i\ ec^ual 
portions (2-7), the last fiaction (7) being taken off thiough the 
piiinp aftei leinoiing the liquid an Fiaction 2 consisted of 
almost puie aigon, so it was discarded, while fiactions 3 to 7 
were submitted to fiiithei tieatment The couise of the opera- 
tion IS shown in Table I , the fiactions, which weie discaided, are 
indicated by figures in squaie biackets , the fiactions, -|, etc show 
the piopoitions into which the quantities oi gas weie divided 
Fraction 3 was first mtioduced into the gasholdei, and condensed 


-[ 8 ] 


r[i4] 


9- 


[15] i-[20]S 


10 

1 

16 ~ 



/ 

21 ^ 3-1 

-24 D = 33 07 

11 


17 • 



1 

- 23 ^-1 

-25 (lost) 

12 


18 



1 


2b - 

-13- 


19 




|-D = 47 55 
28-1 

-29 


m the bulb About f of it was then allowed to evaporate, and 
the gas was transferred to a tube (8) Practioii 4 was then 
condensed with the residue and partially evapoiated, the first 
portion of the gas which distilled forming fiaction 9 This 
operation was repeated with fractions 5, 6, and *7, the (quantities 
of gas taken off at each distillation being so giaduaied that the 
lesulting fractions were all approximately equal , the last fiaction 
was taken off through the pump after removing the liquid an 
jacket Fraction 8 was discaided as consisting mainly ol aigon, 
and by refractionatmg numbeis 9 to Id six othei fractions weie 
obtained (14 to 19), and of these the fiist two weie lejected 
aftei spectroscopic examination 

As the four remaining fiactions (IG to 19) solidified at the 
temperature of liquid an, it was thought that by mixing them 
with oxygen it might be possible to effect a moie lapid and 
complete separation of their constituents A single expeiiment 
was sufficient to convince us this was not the case, but that the 
difficulty of manipulation was only incieased , the method was 
therefore abandoned 

Proceeding by the original method fraction 16 was condensed 
and evaporated into two poitions (20, 21), the lighter poition 
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20, about I of the whole, was lejected The remaining thud (21) 
was mixed with fraction 17 , the gas was condensed and the fust 
fi action (22) was i ejected, and the remaindei was condensed with 
fraction 18 and clivided into thiee fiactions (24, 25, 26) 
Tractions 27, 28, and 29 weie obtained in the same way 

Dining the early stages of the fiactionation the spectroscope 
had been the only guide in detei mining whether a separation of 
the gases was being affected Later, however, it became appaient 
thattheie weie piesent in the nnxtiiie thiee or more gases whose 
vapoui piessuies at the tempeiatme of liquid air were widely 
dillerent , foi while aigon could only be liquefied under piessuie, 
the vapoui piessuie of krypton did not exceed 150 mm, and 
the lemaimng gas appeared to be nearly non-volatile 

On account of the readiness with wdiich the two latter con- 
densed it was necessaiy to take ceitain precautions usually 
uiiiiecessaiy in fiactionating gases If the stem of the fiactiona- 
tioii l)ulb weie imineised in liquid an before the gas was intio- 
duced the gas condensed in it, and as the liquid air evaporated, the 
solid volatilised without uiideigoing fiactionation To overcome 
this ditliculty the vacuum-vessel was suppoited so that the suiface 
of the h([uid an only ]ust touched the bottom of the bulb, when 
the gas was adnntted it condensed in the bulb which was then 
completely imnieised in the liquid an In fiactionating krypton 
<iud xenon e\eiy fiaction of gas was taken oS through the 
pump 

Fiactions 24, 25, 27, 28, 29 now consisted of krypton and 
\enon with but little argon Of these fractions 25 was 
unfortunately lost through an accident , 24 had a density 32 07 
fiactions 27 and 28 appealed to have about the same composition, 
the mixtme had the density 47 55 , fraction 29 had the density 
50 04 


21 


27- 


28 


2 ^) 



-30- 

! 

O 

11 

P 

1 

-31- 


-30- 

-D=17 55- 

-31- 


,-31- 


'-32- 


D = 36 6 


■D = 41 14 

U = 61 7 


Fractions 27 and 28 weie mixed together, and each of the 
thiee quantities of gas was in turn solidified in the fractionation 



222 


EXPERIMENTAL STUDY 01 GASES 


CHAP 


bulb, and separated into a lighter and a heavier part These 
fractions were mixed as is shown in the table so as to obtain 
three samples of gas, two of which appeared fiom then spectra 
to be nearly pure krypton, while the thud of density 61 7 
consisted chiefly of xenon The two lighter fi actions were 
separately solidified and separated into two portions — 

|-33 (i) Kiypton and aigou 

(D = 36 6) — 

1-34 {%) (D = 40 82) Kiypton 

1-35 (I) (D = 40 73) Kiypton 

(D = 4144)- 

‘-36 (^) Ki;ypton and xenon 

The heaviei two -thirds (8 cc) of the light gas and the 
lighter two-thiids (8 cc) of the heavy gas had the same 
density and the same refractivity, and it was theiefore concluded 
that they consisted of one and the same definite chemical 
substance, to which the name krypton had been given Fiuthei, 
if the assumption that kiypton is a monatomic element is <i 
correct one, its atomic weight is 815, and it occupies the 
position in the periodic table of the elements between biomine 
and rubidium 

The separation of the i.enoii from the kiypton in fi actions 
32 and 36 proved moie tedious than diflicult, loi though then 
vapour pressuies at the temperature of Iniuid an diffeied veiy 
considerably, the krypton appeared to dissolve or become enclosed 
m the solid xenon, and could only be sepaiated by repeated 
fractionation The gas was condensed into the bulb, in the 
manner already described, and allowed to volatilise into the 
pump, the exhaustion being continued so long as any gas could be 
removed The vessel containing the liquid an was then loweied, 
and the xenon was collected separately The hghtei fi action 
(37) was treated in this manner several times till nearly all the 

1-37 Kiypton witli trace of xenon 

32, 36- 

'-38 Xenon with trace of kiypton 

xenon had been removed to fraction 38, which was then subjected 
to th^ mveise operation, that is to say, it was condensed, and 
after taking off traces of krypton through the pump, it” was 
allowed to volatilise, the process being repeated with the' heavier 
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fraction In this way about 3 cc of a gas of density G4 
was obtained, and as the density did not increase on fuithei 
fractionation it was taken to be a pure sample of xenon, the 
heaviest constituent of atmospheric air This is confirmed by 
the fact that the density corresponds to the atomic weight 128, 
placing xenon between iodine and Ccesmm m the periodic table 


H 

1 

He 

3 95 

Li 

7 

F 

19 

Ne 

19 9 

Na 

23 

Cl 

35 5 

A 

39 9 

K 

39 

Bi 

80 

Ki 

82 

Rb 

85 5 

I 

127 

X 

128 

C& 

133 

The 

atloh 

of liqmd 

aio — Mr 

E C 

C Baly 


investigated the lelationship of the composition of the liquid and 
vapour phase of liquid an lioilmg under constant pressiiie, and 
has shown that the equation, 


log 1 ' = a + 6 log 1 , 

in which 1 ' IS the ratio of the components in the liquid and 1 
the latio of the components in the vapoui, holds good This 
equation was fust applied by Lehfeldt {Ph%l Macj [5], xl 397) to 
the lesults of F 1) Ihown {Gliem Sot Tiatis xxxix 304) loi the 
distillation of two liquids , and m Baly's experiments the air is 
supposed to consist of a mixture of oxygen and nitrogen, the 
eflect of the argon l)eiiig negligible The following figures indi- 
cate the Older of the agieement between the observed and 
calculated values of latios of the oxygen to the nitrogen in the 
vapour phase , they aie, indeed, as close as could be desired — 


staiit-pressme, 
ogen scale) 

Ratio observed 

Ratio calculated 

80° 

0 136 

0 137 

82° 

0 309 

0 310 

84° 

0 584 

0 586 

86° 

1 09 

1 09 

88^ 

2 29 

2 30 

90° 

8 81 

8 87 


The tempeiatures were determined by means of a Callendai 
compensated hydrogen thermometer (p 151) The samples of 
the vapour were diawn ofi through a capillaiy tube close to the 
surface of the liquid air, which was contained in a vacuum-vessel 
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plugged with cotton-wool, the oxygen was ab&oibed by means 
of phosphoius At the same time samples of liquid weie diawn 
into a fine capillary tube connected tlnoiigh a widei tube with a 
watei-piinip and with a mercury gaslioldei , the liquid evapoi<ited 
in the wide tube, and the analysis of the gas diawii into tlie 
gasholdei gave the composition ol the liquid 

Ml Baly’s results may be applied to the determination ol tlie 
temperatuie of liquid an from the analysis ol its constituents 
The method gives veiy accuiate lesults, and is peihaps the readiest 
method ol checking resistance theiniometers, etc, <it low 
tempeiatuies (see p 239) 

The Vapour Phase 


Teiuptiiturp 
(constant 
piesburt 
hjdrogpn) | 


Percentage of Oxygen 


77 1 0 00 B P ot Nitiogcn 

I 78 O'' 2 18 

! 78 5° 4 38 

' 79 0° b 80 

79 0° 9 33 

80 0° 12 00 

80 14 78 

81 0^ 17 66 

Sr 5° 21 22 

82 0 ° 23 60 

, 82 5° , 26 73 

' 83 0° 29 95 

83 5“ 33 35 

84 0" 36 86 

84 5" 40 45 


lemptiatuu I 
(constiuil I 
pressiue I 
h} dro-,t n) | 


85 0^ 

85 5'* 

86 0 ° 

86 5 “ 

87 0“ 

87 o'* 

88 O'* 

88 5 “ 

89 0° 

89 5" 

90 0" 
90 5° 
90 9b 


PeiLontage ol ()\jg('n 


41 25 
48 17 
52 19 
5b 10 
bO 5 5 
54 85 
69 58 
74 37 
79 45 
84 55 
89 80 
95 10 

100 00 B P ol Ovyg( ii 


I 


The Liquid Phase 


I 77 54° 

I 7s 0° 

i 78 5° 

79 0° 

' 79 5 ° 

80 0° 

' 80 5° 

81 0° 

81 5° 

82 0° 
82 5° 
S3 0° 
S3 5° 

I 84 0° 


0 00 
8 10 
15 25 
21 60 
27 67 
33 35 
38 53 
43 38 
47 92 
52 17 
55 94 
59 55 
62 93 
66 20 


84 5° 

85 0° 

85 5° 

86 0 ° 
8b 5^ 
87 0° 

87 5° 

88 0 ° 

88 5° 

89 0° 

89 5° 

90 0° 
90 5° 
90 9b° 


69 31 
72 27 
75 10 
77 80 

80 n 

82 95 
85 31 
87 60 
89 82 
91 98 
94 09 
9b 15 
98 16 
100 00 
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To tlie sepauiliou ol the constituents of a liquid by fractional 
dLstillation thoie is a practical limit on account of the e\tieme 
diihciilty of making the liquid boil as a whole It was found 
{Fliil 2 ^) nils 1001 ) that when atmospheric mtiogen, condensed 
111 a bulb at tlie tempeiatuie of liquid air, was allowed to 
evapoiate undoi atuiospheiic pressure, the composition of the 
Aapoui was the same as that ot the liquid, and no sepaiation of 
tlie neon and lieliuiii occuired When, liowevei, a cuirent ot 
ail was blown into the liquid thiougli a capillary tube, the gas 
which boiled oh was iich 111 the liglitei constituents 

In some Ciises there is also a theoietical limit to the degiee 
ot sepaiation which can he effected 
If the vapoui piessuie ot a nii\- 
tuie ot two substances at the 
same tempeiatuie /, be plotted 
against the (piantity ot one ot 
them wliieh is piesent 111 the 
liquid, the cuivc may have the p 
toim lepieseuted by a, h, 01 c 
The cuivc h lepiesents the case 
111 which, as the vapoui })iessuie 
uses, the concentiation of one 
constituent 111 the luiuid continu- 
ally mcieases The majouty ot 
mivtmes, including an, follow this 
lule, they are all capable ot being more or less completely 
sepal ated into their constituents The cuive a repiesents the 
case 111 which a mixture ot two liquids at a ceitain temperatuie has 
a greatci vapoui piessure p than either ot its constituents In 
this case, it the mixtiue weie allowed to evapoiate at the piessure 
p, the iKiuul would boil at temperatuie t, and the distillate would 
have a constant composition corresponding to that w^hich gave 
the maximum piessure , the lesidue would consist ot the higher 
boiling constituent The curve c represents the inverse set ot 
conditions 

By altering the piessure and consequently the tempera- 
tuie ot ebullition of the liquid, the lelationship between the 
composition ot the liquid and vapour phases will be changed 
Consequently, though it may be impossible to obtain an efficient 
separation ot the constituents undei one set of conditions, it may 

Q ^ 
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be possible to do so under anotliei Unfortunately, little work 
has been done in this direction, and so far only organic liquids 
and water have been investigated Liquefied gases should lend 
themselves leadily to this imestigation, as it would be possible 
to obtain direct analyses of the liquid and of the vapoui, and to 
determine the vapour pressures and the heats of evaporation of 
the liquids These data would be at least sulhcient foi a paitial 
solution of the problem 
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The deteimiiiatiou ot vapoiii piessiues — The coinpiession appaiatus — Standardising 
high piessmc gauges —■ Inti oduction of gases and liquids into the com- 
piession tubes — Calculation of the lesults — The law of Ramsay and Young — 
Vapoui 2^^f‘S‘>uios of watci and methyl alcohol — Yapour piessuies, boiling 
points, molting points, ciitical constants, etc , of oxygen, ozone, nitiogen 
(chemical and atmospheiic), ethylene, methane, nitiic oxide, nitious oxide, 
caibon monoxide, caibon dioxide, and ammonia — Table of constants foi the 
commonoi gases — Deioinunation of the ciitical constants — The ciitical temper- 
atuio and piessuic — The ciitical volume by the methods of Cailletet and 
Mathias, and of Young 

The vapour pressures ol liquefied gases may be determined by 
one of two metliods, either the liquid may be allowed to 
evapoiate and its tcmpeiatuie determined by means of a thermo- 
meter immersed m it , oi the gas may be condensed in a bulb, 
which IS connected with a manometei and maintained at constant 
tempeiatuie by imnieision in a l)ath of liquid, preferably boiling 
under constant pressure 

The fust method can only be earned out with considerable 
quantities ol the gas, and even if a platinum resistance thermo- 
meter IS used, it IS difficult to i educe the quantity to less than 
two or thiee litres The method has a distinct advantage in 
dealing with mixtuxes, and it would be very difficult to measure 
the vapoui pressme of such a substance as liquid air by the second 
method, foi unless the tempeiature lemained very constant for 
a considerable time the condition of equilibrium between the 
vapoui and the liquid would nevei be ariived at This method 
was employed by Ols/evski, Estreicher, and Baly in determining 
the boiling-points of nitrogen and oxygen, and by the latter in 
determining the lelationship between the composition and boiling- 
points of mixtures of the two (see p 224) 
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The second method was eiiiplo} ed in the determination ot the 
vapour pressure of aigoii, etc Eoi piessuies up to 800 mm an 
open manometei \\as used , loi highei piessures it was neeessaiy 
to employ a compiessioii appaiatus winch will be described latex 

The appaiatus employed in the deteimiiiation ol vaxioui 
pressuies up to 800 nim closely lesembled the apparatus used 

in liactioiiating the liqueheci gases 
The l)ulb A, in which the gas was 
condensed, communicated with the 
gaslioldei B, wutli the pump tlnough 
the stopcock C, and with the mano- 
metei 1 ) The piessuie could be 
adjusted by laising oi loweiing the 
leseivon E b} means ol a stung 
w Inch passed ovei a pulley , the 
le\els ot the siuface of the meicui} 
111 the two tubes was detei mined Iw 
lefeieiice to a silveied glass scale 
placed behind them 

Alter thoioughly exhausting the 
appaiatus the gas was intioduced into 
tlie gaslioldex B, and licpiehed oi 
solidihed in the bulb A, wdiich was im- 
mersed 111 licpud ail or some oilier 
leliigeiaiit , the tempeiatuie Wtis 
detei mined by a platinum lesis Lance 
01 hj^diogen tliermometei In oidei 
to test the puiity of the gas, it was 
usual to take leadings with tlu‘ 
mercuiy m diheieiit positions m the 
manometei tube If a change ot 
volume did not produce a change in 
pressure the gas was taken to be pure , otherwise small quanta tiCvS 
of gas might he taken into the pump through the stopcock E till 
the pressuie of the lemaindei became constant, or it was neeessaiy 
to reject the sample of gas 

In determining the vapoui piessiue of a liquefied oi solidified 
gas, at the tempeiatuie of pure liquid suiiounding the bulb and 
boiling under atmospheric pressure, no difficulty was experienced, 
and very concordant readings could be obtained It was not, 
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howevei, pobsible to determiuo the \apoiii piessiiies accurately if 
the teinperatuu‘ was iisiiio lapully, since the rate of evaporation 
<)1 the 01 solid did not keep pace with the use of teinpera- 

tme of the liath Tlie ilow oi heat acioss the walls of the bulb is 
not ia}nd euoui>h to compensate ioi the heat lost by evaporation, 
<ind the lujuid oi solid and the vapour never arrive at a con- 
dition ot iM|iulibi luiu This was particularly marked at tempera- 
tuK's Ixdow the iueltnr<j;-point oi the substance under examination 
Tt \v<is also noti(*ed that 111 deUu mining the vapour pressure of 
solid aigon at <ib()ut H 00 inin piessuie using a bath of liquid 
ail, that it Wfis didicult to olibuii very concordant readings Tt 
appeared that the pressure varied faiily rapidly with the tern- 
])(uatim‘, and the ni(‘gulaiity was caused by the superheating of 
the Inpud an 

Tun DkTI RMINATION OI' THE A’'ALUFS OF PT AT TIlOII PrESSURFS, 
AVI) 01 VapoiiR Puessukes, Crutcal Constants, etc 

The compicss'ion math me — A convenient form of compression 
appaiatus, which may lie employed for the deter miiratroir of vapour 
])iesHines, eiitKal points, etc, has heeir described by Pamsay and 
Yoiinn, and nioi(‘ lecently modified l)y the latter It may he used 
ti]) to 200 <itm()spl lores, or even higher, without difficulty , but 
th(‘ volume of gas which caai he compressed is limited, of course, 
1)y the sme of the })lungci 

The body of the instrument (Fig 112 ) consists of a wrought- 
iion haiiel, with openings <(, (i\ a'' to receive tire coiripression 
tubes Two of the opeiinigs are at tlie top, the third a", is at 
tlit‘ side, but liy means of an attachment &, it may be made to 
seiv^e the same purpose as a and a' The openings are closed by 
ca])S liUod to them by means of well-cut screws Holes in the 
caps admit of the jiassage of the capillary compression tubes or 
nifinometeis ITie pressure is applied by means of a screw / 
and a cyhiKhical pluugm d The latter, woiking between guide 
liars e, passes through the cap //, which serves as a gland, into 
the interior ol the apparatus 

The compression tubes and manometeis are made by sealing 
ca])illary tubes to tubes of aliout 8 mm m diameter, which are 
tlrawii out at the lower end (Fig 118 ) The tubes should be of 
lead-glass, which is usually moie uniform than soda-glass, a line 
of white enamel on the back of the tubes facilitates observation 
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The tubes can be graduated and calibiated irom the closed end in 
the manner desciibed on p 7 b The volumes may be expicssetl 
in grams of meicury oi in cubic centimeties 

The manometers — It is usual to employ two manometers, one 
reading pressures up to about 10 atmospheies and one leading 
pressuies up to 50 or 60 atmospheies In each case the 
capillaiy poition should be about 500 mm long, and should 
have an internal diametei of about 0 8 mm The widei tube iit 
the bottom of the high-pressuie gauge should have a capacntj 
of about 2 cc Both nianometeis mav be hlled with diy an, 



foi whicli the values of pv have been accurately deteriuiuecl bv 
Amagat (p 166) ^ 

The compression tube to contain the gas whose compressibility 
or vapour pressuies are to be determined is of the same form as the 
high-pressuie manometer The wide tube should also be drawn 
out at the open end, so that it may be sealed to an apparatus foi 
introducing the gas (p 300) In the determination of the vapoui 
pressures at low temperatures the capillary portion of the tube 
should be bent on itself 

Before the gas is introduced into the manometer or compres- 
sion tube the latter is fitted into the cap in the following manner 
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A cylinder of rubber is cut fiom a rubber stopper by means of a 
large cork borer, so that it exactly fits the cavity in the cap and 
fills it to within about 3 mm of the surface A hole of exactly 


the same diameter as the wider portion of the capillary 
tube is bored nearly through the cork and is continued, 
as in the figure, by means of a smaller cork-borer, to 
allow for the passing of the capillary tube , both holes 
must be truly central A washer of hard leather, 
previously heated on a water bath in a flask containing 
tallow, IS placed above the rubber, and a worm of 
hard beeswax is twisted round the glass tube close to 
the washer 

The cap g through which the plunger passes is 
also packed with rubber, but the plunger itself is sur- 
rounded with a layer of thin leathei thoroughly soaked 
in giease If this precaution is not taken the plunger 
may adhere to the rubber, which will in consequence 
rapidly wear away 

To introduce air 01 any other gas into the com- 
pression tubes or manometer, after fitting it into the 
screw -cap of the compression apparatus, it may be 
sealed to the apparatus for introducing gases into 
vacuiun tubes After exhaustion, the gas is introduced 
at a slightly reduced pressure, and the compiession 
tube IS sealed off with a hand-blowpipe The volume 
of gas m the tube can, if necessary, be determined by 
measuring the volume of gas let into the apparatus and 
the volume removed through the pump This opera- 
tion IS, however, somewhat difficult to carry out with 
acciuacy It must not be forgotten that the introduction 
of too great a quantity of gas might render it impossible 
to compress the gas into the capillary portion of the 
tube at all The point of the tube can easily be 
broken oft below the surface of the meicuiy m the 
compression apparatus before the cap is sciewed home 

Tins method is not usually employed in filling the 
gauges with air The open end of the gauge is attached 
by a piece of lubber tube, through tubes containing pent- 



oxide of phosphorus and soda lime, to the pump After exhausting 


the tube and admitting an two or three times, the rubber tube is 


Fig 113 
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rapidly removed and the open end of the gauge is plunged Lidow 
the surface of the meiciiry in the compiesbion appaiatus 

If the substance is a liquid at the oidinaiy teinpeiatuie of 
the an it is necessary to proceed somewhat diffeiently The 
quill tube e (Fig 112), is blown into a bulb and diawn out <ii>ain 
at A small quantity of liquid is placed in the tube, and whde 
the liquid is boiling it is sealed at c The gieatei pait of the 
liquid is then distilled out of a and h, and condenses m t, whicdi is 
cooled j when sufficient liquid is left in c the tulje is sealed at d 
- The point of the tube is broken beneath the suiface of the ineuniy 
in the compression appaiatus in the mannei already described 
After the two manometers aie placed in ])ositi()n a veitical 
capillaiy tube, about 1 5 iiieties in length, is fitted into the tliiid 
cap, which IS screwed on to the appaiatus This scnves <is an 
open manometei foi deteimimng the values of the pioduct jO’ loi 
the low-pressuie manometer The manoineteis aie enclos(Ml in 
tubes thiough which a cuirent of watei ciiculatSs, the toiniieiatuK^ 
being determined by means of a thermometci in one of them 
The pressures are read off on a scale placed behind the \eitical 
tube, and the difference of level of the meicuiy in the open and 
closed (low pressure) manometers is determined by leading with 
a telescope the point of the scale corresponding to the hist giadua- 
tion on the manometer, which is usually divided in niillnneties 
Observations aie usually taken with rising and Idling jnessuH*, 
and before each leading the apparatus is liammeied with th(‘ 
hand to bring the meicuiy in the capillary tube into adjustnumt 
The following are the results of an experiment 
Barometer, 747 2 mm 

Diffeience of levels— 325 2 on scale = 710 0 on manometei 


g5f 

o'gs 

s g 

Volume of air 

I Temppiatuiei 
of manouieter 
(absolute) 

Volume of air 
coireeted to 0 C 

Open manometer 
reading 

1 

Difference of 
le\ els of the t\\ o ' 
scales 

1 empei atnre of | 
iiiercnry column 1 

E o 

P 

% « 
t 3 

Ph “g 

S 

X 

Pm 

S 

a ^ el 

^ CS C3 

a 9 s 

328 6 
346 7 
369 6 
400 1 
442 3 
481 7 
503 7 

17442 

18393 

19619 

21220 

23279 

25577 

27494 

285 93° 
285 75° 

285 72° 

16653 

17571 

18743 

20275 

22242 

24438 

26270 

677 7 
584 4 
477 6 
351 7 
198 4 
70 0 
18 5 

-3 4 
+ 21 5 
+ 44 4 
+ 74 9 
+ 117 1 
+ 156 5 
t178 5 

16 4° C 

1417 5 
1349 2 
1265 5 
1171 4 
1059 7 
970 9 
904 6 

23,606 
23 707 
23,714 
23,812 
23,570 
23,727 
23 764 

1423 2 
1348 8 
1261 4 
1168 9 
1065 5 
969 8 
902 2 



w n 


233 


\ VPOUR PRKSSURP \ND CRHICAL CONSTANIS 
Alean valua ol pioduet pi =2 >*7 00 

The figuK^s in the hist colimin indieatc the oulei ol acciudcy 
of the expeiinunit 

Ihis vSet ol ol)S(‘n atioiis selves to standardise the low- 
pit^sme gani>(\ wliieli cun now he e()iiip<ned with the high> 
])iessnie ganger to deteiimne tlu* \aliie ot loi the lattei Toi 
this ]nnpose the o])eu nianonudei is icnioved, and is icplaced 
eitlua ))y the coni])i ession tiihe eontaniiiio the gas to be examined, 
01 1 a i\ ])hig ol glass The ])xes&uie is then laised till the 
ineHinj enUns the c<i})illaiy tube ol tlie high-piessine gauge, and 
a seiu's ol sinniltaneous ie<idnigs ol th(‘ volumes ol the two gauges 
au‘ taken It is n(‘eess<ny to ap])ly <i collection loi the dillei- 
cnt‘(‘ ol l(W(d lietweini the suilaces ol the ineieuiy 111 the two 
gangt‘s, l)ut it the two aie at the same teinjyeiatiiie no other 
con(M‘tion IS n(Tc‘ssaiy The losults ol <\ set ol observations are 
slat(‘d in till* lollownng Ldili^ — 
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0, 1 )f) 

21,520 
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e V .‘ir i 

in a ' 

oaol 1 
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21,(>00 


Mean \ahH‘ ol' yu" 2 1 5 12 

In th(‘ eas(‘ ol tht‘ high-iaessim^ manometer tlic high figines 
eon<‘s])ontl to snmll volunuss, wlult‘ the inviTse is the case with 
thi* low'"pH‘Hsim* gauge* The diffeienca* of the levels of the 
m(*unuy in tin* tw'o gangt*H may he dedueod liom tlie observation 
tliat tin* mark I>2> 2 on tin* high pr(‘HHUie gauge conesiionds to 
tin* m.uk 23 8 on tin* low~])rc‘asiue gauge The ilgures m the 
sixth (oliinm aie enleulated fiom tlic foimula, 

t + Correct, on { 

j ()lisi‘n(*(l X ohmic X j 
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It IS unnecessary to apply a furthei collection to reduce tlie 
obseived pressures to actual pressures, since we wish to calculate 
the product 

(volume) X (observed piessure) 
for the liigli-piessuie gauge 

The most convenient way m winch the collection can he 
applied is as follows — The recipiocals ot the volumes aie 
calculated fiom the values of PV foi air as given by Aniag<it — 



1 


P (mms ) 

V 

0 

5,000 

5,011 

11 

10,000 

10,049 

49 

15,000 

15,113 

113 

20,000 

20,202 

202 

25,000 

25,314 

314 

30,000 

30,441 

441 

35,000 

35,582 

587 

40,000 

40,712 

717 

45,000 

45,851 

851 

50,000 

50,995 

995 

55,000 

56,098 

1098 

60,000 

61,199 

1199 


The figures in the third colunin stand foi the ainouiits in 
millimeties to be subtracted fiom the obseived pressuies, the 
reciprocals of the volumes, in order to deteinime the true 
piessure The figures in the second and thud columns may be 
plotted on a curve 

The determination of the vapour pressure of a li(][uid confined 
under high pressure in the apparatus just described, is a com- 
paratively simple matter so long as the compiession tube can be 
maintained at a fairly constant temperature The tube can be 
surrounded by a watei -jacket, or by the vapour of a liquid boiling 
under constant pressure in the apparatus described in the 
Appendix Poi low temperatures the end of the tube, which is 
bent downwards, may be immersed in a liquefied gas which may 
be allowed to evaporate into a gasholder, the temperatuie may 
means of a gas thermometer or resistance coil 
When working at low temperatures it is very necessary to take 
care that the mercury is not forced into that part of the tube 
which is cooled below its freezing-point 
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111 determining the vapoui pressure, aftei the tempeiatuie 
has become fairly constant the pressure should be raised until 
some of the gas has become condensed in the tube The 
apparatus should then be thoroughly hammered with the hand to 
allow the mercury in the gauges to settle into position, and 
altei sufficient time has elapsed foi the vapoui and the liquid to 
aiiive at a condition of eqmlibiium, the gauges are read The 
piessure may be calculated from eithei or fiom both of the 
gauges If the temperatuie is fairly constant it should be 
possible to make two or moie obseivations of the pressure, 
changing the volume of the vapour in the compression tube 
between each observation It may be noted heie that in the 
case of water Eamsay and Young found that the vapour pressure 
depended upon the volume of liquid in the compiession tube , 
this IS piobably due to the existence of some difference between 
the natuie or composition of the suiface, and of the mass of the 
Ivpiid, and may be connected with the fact that water is an 
associated Inpiid 

The following figuies indicate the method of calculating the 
vapoui piessuie fiom the readings of one of the gauges They 
icprcsent the \apoui piessuie of aigon at the tempeiatuie of 
boiling mtiic oxide 


(»auj 4 o 

H'adniK 

IVmpwu 

tUK' 

VolUllK 

r 

X 

( 1 P 

1 

119 0 

281 51 A 

2 1157 

10,59b mm 

-286 

-54 

10,306 

122 f) 


2 0846 

10,781 ,, 

-402 

-57 

i 10,322 

118 7 

1 

n 

2 1168 

10,592 „ i 

1 

-226 

1 

-54 

10,312 

1 


Hole A stands ibi the difference of the level of the mercuiy 
in the manometer and compression tube, and since the volume of 
vapour and li(pud was changed between the observations it is not 
a constant The correction e which is subtracted from the 
ol)seivtMl jnessuie to leduce it to rhe actual piessure is obtained 
fiom the cm VC lefeiied to on p 234 

CaleuJation of the lapow pessme of liqiath — Eamsay and 
^oung {rivil Mag, 1886, 21 , 3 3) have shown that the vapour 
piessuies of any li(|uid may be calculated for any temperature 
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wlien the vapour piessines coiiesponding to two temperatmes 
aie known 

Let Ta and Th be the tempeiatuies coiiesponding to the 
vapoui piessme^ foi two liquids, and Ta^ and IV the tenipeia- 
tures coiresponding to the vapour piessuie foi the same pan ot 
liquids 

Thus — 

Ti( Ta' 

^ ^ (Ta — T(( ) 


when L is some constant 

Methyl alcohol 01 water, liquids foi winch the \a]-)oui 
pressures have been accurately determined o\cr a wide lAiigo of 
temperature, may be taken on one side, and on the othei the 
substance ior which only a few points have been found The 
accuiacy, of couise, ineieases with the numbei of known 
points, for it IS then possible to plot the results on cuive 
paper, and ledetermiiie the pressures or temperatures fioiu tlie 
smoothed ratios In the following plate the absolute tenipeia- 
tures of water corresponding to the definite vapour prossuies aio 
made the ordinates, and the ratios coiresponding to those 
temperatures aie made the abscissie 

In the following table the obseived vapoui piessuies 
corresponding to certain absolute temperatmes for kiypton aic 
given togethei with the corresponding absolute teinperatuies foi 
water and methyl alcohol, and the ratios which have been 
calculated fiom them The lesults are plotted on the accompany- 
ing plate 111 the mannei indicated above 


p 

TKi 

Tciq 

TKi 

Tal 

TKi 




Taq 


aHl 

386 6 

112 7 

355 1 

03174 

321 8 

0 3502 

898 7 

123 1 

377 5 

3264 

342 3 

3596 

1 lj97 0 

170 0 

474 3 

3603 

329 3 

3981 

28,808 

197 9 

521 2 

3797 

471 4 

4198 

30,837 

201 0 

525 1 

3828 

475 0 

4229 

31,621 

201 5 

526 6 

3826 

476 4 

4230 

3*4,693 

204 1 

532 2 

3835 

481 4 

4240 

37,006 

206 4 

536 2 

3849 

485 0 

4256 

41,245 

210 5 

544 3 

3876 

491 0 

4287 


In Older to plot the vapour pressure curve foi kiypton 
t e absolute temperatures of water corresponding to definite 



\Mi \ r vm ssi kh \\i) ( unit \l ( onsi w is 

of ph '^^uu* lii^l (lt‘t(M uuncd, and tlu‘ latms 

ntiH^'^jMitidiit • t«i lhf‘a‘ i(M<l oil <111 { 1 h‘ i)lal(‘. 


lita#. lutdliidiini 1>) ll)«‘ nliH<4tU<‘ UaniH'uU uh‘h lur watc*r gave* 
d»4ilitl<» ttiiijHavd UK*'. ltu‘ kiyptiui t'turc'spoudni^ in the* wiiuh 
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P (mm ) 

Tag 

TKi 

Tiq 

TKi 

4,000 

427 2 

3449 

147 

3 

6,000 

443 3 

3507 

155 

5 

8,000 

555 8 

3553 

161 

95 

10,000 

465 9 

1591 

167 

3 

16,000 

488 7 

3672 

179 

45 

20,000 

500 4 

3717 

186 

0 

30,000 

523 6 

3801 

199 

0 

40,000 

541 1 

3805 

209 

1 

41,300 

(critical j)oint) 

210 

5 


The figures m the first and last columns plotted <is oidiiiates 
and abscissae give the vapour pressure curve It is noticeable that 
tlie curve can be continued above the critical xioint, l)ut it has no 
leal significance 

Valour p esmj & of watm — The vapoui-pressuies at tempera- 
tures between - 2 0° C and 120° have been calculated by Ihoch 
fiom Puegnault’s determinations ^ they are to be found in every 
large text -book of physics The vapour pressures at Inghei 
temperatures have been determined by Eamsay and Young {Vhil 
Trans, 1892, 183a, 112) 


Vapour Pressure op Wv^er 


T Ab& 

P (mm ) 

39 3° 

1484 

403° 

2019 

113° 

2694 

423° 

3568 

433° 

4652 

443° 

5937 

453° 

7487 

463° 

9403 


T Abs 

P (mm 

473° 

11,625 

483° 

14,240 

493° 

17,365 

503° 

20,936 

513° 

25,019 

523' 

29,731 

533° 

35,059 

541 

a, 101 


The vapour piessures of methyl alcohol have been determined 
over wider langes, and are therefore often useful (llanisay and 
Young, PM Ttaas 1887, 137 , 326) They aie as follows - 
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Vapour PRESsuREb of Methyl Alcohol 


T xU)s 

P (iiini ) 

253” 

7 G05 

263” 

15 402 

273” 

29 600 

283” 

54 224 

293” 

95 104 

303” 

160 28 

313’ 

260 47 

323” 

409 47 

333” 

625 10 

143” 

926 6 

353” 

1, 340 B 

163” 

1,804 6 

173” 

2,622 5 

383’ 

3,561 1 

393’ 

4,751 3 

103” 

6,239 2 

113' 

8,072 5 

123’ 

10,30(> 


T ALs 

P (mm ) 

433” 

12,999 

443” 

16,213 

453’ 

20,016 

463’ 

24,481 

473° 

29,688 

483” 

35,722 

493” 

42,676 

498” 

46,530 

503” 

50,651 

505” 

52,378 

507” 

54,151 

509” 

55,971 

510” 

56,900 

511° 

57,839 

511 5” 

58,310 

512” 

58,790 

5125” 

59,268 

513” 

59,759 


(hifffen — -Tlic Ixulnio-pomi on the consLint-volume hydiogen 
sciale has Ih^cu (letenniued hy Wiohlewski, 90 6 (Wemei Akad 
1<S88), Ols/ewski, 90 6 , Ijadeulaiig and Ivrugel, 007, and 
Dewai, 90 to 91 5 


The v.ipout ])U‘ssuies ol oxygen have been dctcimuied by 
OLs/ewski, Kstunchei, a,nd Ibily Olszewski’s measinenients 
extend fiom Abs to the boihng-])oint, which was de- 

ttonuiuMl both liy the hydiogen and by the helium theimometer 
(set‘ ]) inO) MeasuK'iueiitH <it highei picssmes (G ^ 100 , 351 ) 
W(‘rc^ also eanied out, the obseivod tempeiatuies ajipear to be 
<d)(mt hah a ch^gicic too high Estieichor’s measurements are 
\(‘iy (ond/K, l)ut aie suhicicntly imiueroiis to give an idea of the 
tiend ol the ciuve Ihily’s expeiiments covei only a limited 
i(iugc‘ , tli(‘ tt‘m])eiatuu‘S weie detoimined by means of a CJallendar 
thiomometm (p 151) The smoothed lesults, which appeal to 
be iibout 0 y too low, <tie giv(‘n in the lollowmg table — 


[Table 
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Temppraturt 


\ apoiii Pi< ssnio 


(constant 
pie&suip (B ), 




const int 




\ olume (Olb 
intl E ) 

(B) 

(ok ) 

(E ) 

62“ 


S 1 

i 

9 0 

63^ 


10 8 

11 0 ! 

64^ 


13 3 

11 0 

65° 


lb 1 

17 7 

6b° 


10 7 

21 2 

67° 


24 0 

25 0 

68° 


29 1 

31 0 

69° 


35 b 

37 2 

70° 


13 0 

11 () 

71" 


51 6 

53 0 

72° 


01 0 

02 5 

73° 


72 0 

7 ) 5 

74° 


85 0 

8() U j 

75° 


100 

100 

7b° 


117 5 

110 0 

77 0° 

138 4 

13b 2 

131 

77 5° 

158 7 

140 5 

115 1 

78 0° 

170 0 

158 0 

155 7 

78 5° 

181 4 

169 8 

107 5 

79 0° 

193 5 

182 5 

180 0 

79 5° 

206 b 

195 9 

19 1 <) 

80 0° 

220 0 

210 1 

208 1 

80 5° 

234 0 

224 8 

222 S 

81 0° 

249 0 

240 1 

237 9 

81 5° 

264 S 

257 0 

253 7 

82 0° 

281 8 

274 0 

270 0 

82 5° 

! 299 5 

292 1 

287 5 

83 0° 

1 319 2 

311 7 

305 3 

83 5° 

338 6 

332 0 

323 3 

84 0° 

359 0 

353 5 

342 3 

84 5" 

380 5 

‘37b 4 

302 0 

85 0° 

401 8 

401 7 

382 9 

85 5° 

424 6 

427 0 

401 0 

86 0° 

449 0 

451 0 

427 1 

86 5° 

475 5 

482 0 

451 7 

87 0° 

503 

510 5 

477 0 

87 5° 

530 5 

540 5 

500 5 

68 0° 

560 0 

571 6 

538 0 

88 5° 

590 0 

004 7 

571 5 

89 0° 

621 5 

039 9 

608 8 

89 5° 

653 6 

070 6 

046 5 

90 0° 

687 5 

714 2 

085 0 

90 5° 

725 5 

753 2 

725 5 

91 0° 

761 5 

794 0 

700 0 


CHAP 


Olszewski’s measurements at highei pressuies ai(' as lollows 
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T (Abs ) 

P (nim ) 

154 (CntK<i]) 

44,080 

153 5 ' 

37,772 

1514’ 

35,492 

150 4^ 

34,580 

149 0^ 

32,680 

147 4^ 

30,704 

146 2^ 

28,956 

14*) O' 

27,588 

1 14 O'^ 

26,144 

142 7 ’ 

24,776 

12G 0^ 

10,412 

124 4^ 

9,348 

121 4" 

7,782 

JIG 1" 

6,355 

113 r’ 

4,735 

lOG 9" 

3,230 

97 6 

1,642 

91 6 

760 


Latt'i H'sults to indicate tliat ilie boiling-point ot 

ox'^geii on tlu‘ constant- voliune ]i}du)gen scale is 9(3 5'’' 

(huir^ Tioost (r / , 1 898, 126, 1781 ) and Ladenbmg {Bo , 
l 89 o, Jf)08) ha\ siK < (‘c‘dod in obtaining laiily ])iiic li<pud 
ozon(‘ by (‘ondcnsing o/oiuschI oxygcni and subsea [uently evapoiat- 
mg the li([iud I h(‘y give J o 4 iVbs and x\])s lespectively 
as tlu‘ lo\Vi‘i limiting valu(‘ ioi tlu‘ boiling-point TIk^ expeiiniGnt 
is a dangeiouM onis though Tioost slate's that lupnd o/one is 11011- 
i‘\plosivo in the absemm of oigaiuc* inattcn 

B} ])assing o/onist'd oxygen into a vacnium-vessel m which a 
t(\sUub(‘ ol iKiuid aar is Husiunided, the ozone may be condensed 
to a blu(‘ iKjind, whieli collects in chops on the outside ot the 
tt'St-tulu' 

JKihogau - The numsuiements ot the vapoui piessuie of 
ntmoH]>h(nH' niliogen by Olszewshi {U r, 99 , 134 , 100 , 350 ) and 
Baly (/er eil ) show a very close agreenu'ut Olszewski’s eApeii- 
nuaits eov(‘i a widen langc*, the ciitmal point wms found to be 
12 h A and llu' melting-point 59 '’ A at CO mm piessuie, the 
constant- volume hydrogen theimometei was employed The 
tempcnaturi'S in Ibdy’s exjieinnents aie on the constant-piessure 
hychogeu scale The tollowing table contains the results 
smoothed by the method of Itamsay and Young * — 


u 
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I 


I 


Pres&me in mm 


Teinpeiature 


IT 
77 o'* 


Baly 


Atmospheric 


716 0 
757 5 


78° 

78 5° 

79° 

79 5° 

80° 

SO 5° 

81° 

81 5° 

82° 

82 5° 

83° 

S3 5° 

84° 

84 5° 

85° 

85 5° 

86 ° 

86 5° 

87° 

87 5° 

88 ° 

88 5° 

89° 

89 5° 

90° 

90 5° 

91° 

92 4° 

94 1° 

95 9° 

97 6° 

99 4° 

101 2 ° 

103 0° 

104 9° 

106 7° 

108 6° 

110 4° 

112 3° 

114 3° 

116 2° 

118 1° 

120 1 ° 

122 

124 (Cutical) 


800 0 
846 5 
895 0 
944 0 
995 0 
1048 0 
1104 0 
1163 0 
1225 4 
1290 0 
1357 0 
1426 0 
1497 0 
1570 5 
1646 0 
1725 0 
1808 0 
1895 0 
1985 0 
2076 0 
2170 0 
2267 0 
2368 0 
2472 5 
2581 0 
2694 0 
2812 0 


Chemical 


717 0 
760 0 
806 0 
856 0 
906 0 
959 0 
1013 0 
1072 5 
1130 5 
1193 0 
1258 0 
1324 0 
1386 0 
1468 0 
1544 5 
1623 5 
1705 5 
1792 0 
1880 0 
1968 0 
2062 0 
2146 0 
2256 0 
2340 0 
2465 0 
2575 5 
2686 0 
2799 0 
2916 5 


Olb/01\skl 

(Atmosphciic) 


726 0 
768 5 
815 0 
860 5 
908 5 
959 0 
1,010 5 
1,065 5 
1,121 5 
1,180 0 
1,240 5 
1,304 0 
1,369 5 
1,438 0 
1,508 5 
1,582 0 
1,658 0 
1,737 0 
1,820 0 

I, 904 5 
1,992 5 
2,081 0 
2,173 5 
2,268 0 
2,368 0 
2,472 0 
2,579 0 
2,688 0 
2,802 0 
3,125 0 
3,581 0 
4,088 
4,652 
5,271 
5,962 
6,717 
7,546 
8,614 
9,443 

10,520 

II, 6§9 
12,956 
14,325 
15,801 
17,390 
19,097 


20,926 


Ethylem—ThB boiling-point of ethylene has been found by 
Olszewski ((7 1 , 99, 133) and by Eamsay and Travers to be 
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1 70 5° Al)s When, however, the latios of the coriesponding tem- 
poiatiires of water and ethylene, as determined by Olszewski, are 
plotted, the latios corresponding to the lowei piessures lie on a 
line which does not include the ratio coiresponding to the boiling- 
point It appeals, therefoie, piobable that eithei the boiling- 
point IS inconect 01 the tempeiatures coiresponding to the lower 
piessuies aie affected by a constant eiior The following values 
hn the vapour piessures are calculated hoin the observed tem- 
pciatiues of boiling ethylene, measured by means of a Callendar 
constant-piessuie hydiogen theiniometei The lesults^aie pio- 
bably 1° too low 


P (mill ) 

T (Abs) 

P (mm ) 

T (Abs) 

100 

143 8° 

500 

164 

r 

200 

151 9“ 

600 

166 

8^ 

300 

157 0° 

700 

169 

2° 

400 

]60 8" 

760 

170 

5° 


Wioblewski (^W%cn ALad, 1888) and Witkowski Mag ^ 

1890, 1) found the boiling-point to be 169 5° on the constant- 
volume hydrogen scale , this lesult apj)eais to be coriect 

The mclting-])oint ol ethylene is about 90° Abs , and conse- 
quently the liquid may l)e used as a lehigeiant ovei a veiy wide 
laiige ol temiKuatuie 

Mcdiaur icvsults obtained by Olszewski (6^ ; , 100 , 940) 

when smoothed by the method of iuimsay and Young appeal 
taiily concoidant The iollowing values ha\e been calculated 


fiom them - 

— 



P (mni 

T (Abs) 

P (mm) 

T (Al)s ) 

500 

1 03 6 ' 

15,000 

160 5" 

760 

108 3'^ 

20,000 

167 9' 

1,000 

1116' 

25,000 

174 4" 

2,000 

121 2' 

30,000 

180 1' 

4,000 

132 2” 

35,000 

184 9' 

6,000 

130 7' 

40,000 

189 4“ 

8,000 

L45 7' 

42,400 

1912° (Oiitical) 

10,000 

150 6' 



Ihinibay 

and Ti avers laid 

the boiling-pomt 

to be 112 7° Abs 


Nitric oTide — The results obtained by Olszewski for the 
vapoui pressuies of mtiic o\ide aie somewhat peculiar When 
the vapour-pressure curve is plotted it is found that it cuts the 
curve foi methane, winch should not occur in the case of simple 
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siibstaneeb ruithei, the ratios of the corresponding absolute 
tempeiatures (p 236) for mtiic oxide and methyl alcohol, when 
plotted against the methyl alcohol temperatures, do not he on a 
straight line, and the hoiling-pojnt determined by e\ti<ipolation 
(p 237) fioni the piessuies at the highei tempeiatuies is loimd 
to be 127 6° (Abs) instead of 120 0° which was the ob&ei\ed 
temperatuie The gas was prepaied by heating ieiious 
sulphate with mtiic acid, but it is probable that the sample 
examined contained nitrogen, an idea which is siippoited by the 
high critical piessiire assigned to the gas It is possible, though 
improbable, that the iriegularities are due to association tak- 


ing place at low tempeiatuies 
results — 

The following 

aie Ols^^ewskf 

P (mm ) 

T (Abs) 

P (mm ) 

T (Abs) 

18 

96 5° 

24,316 

163 0° 

138 

106 0° 

31,160 

168 0' 

760 

120 0° 

37,924 

172 r 

4,104 

135 0 ° 

43,928 

175 5'* 

8,056 

15,200 

144 0° 

154 0° 

54,112 

179 5° 


The boilmg-pomt, as detei mined by Ilainbay and Tiaveis, is 
123 1° Abs The gas was liquefied by means of liquid an, and 
puiified by fractional distillation The temperatuie was detoi- 
mined by means ol a platinum resistance thcrniomeiei, which 
had been standardised by direct comparison with a cons tan t- 
pressurb hydrogen thermometei (p 151) The temperatuie le- 
mained constant so long as the coil was immersed in the lupiid 
It may be noted that a minute trace of the higher oxide is 
sufficient to gi\ e a blue colour to the liquid 

Mtwus oMcIc — Eamsay and Shields {CJiem Soc 1893, 

63, 13o) have determined the boiling- and melting-points l)y 
means of the constant-volume hydiogen thermometer 


Melting-point 

Boiling-point 


170 Abs 
183 2° „ 


The vapoui piessuies weie determined by Taraday in 1845, 
but the results are worthless 

Cailletet and Mathias {Jow de Fhjsique [2], 5 , 549) detei- 
mmed the volume of the liquid and vapoui at temperatures 
between 273” and 305° Abs The ciitical point, accoidm<. 
to their results, is 310° Abs 
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('(dhoii Olb/ewski (0 ') ,99, 706) The iollowmg 

<iu‘ tlu' v^allu^s ui the va])oui pxessmes calcfilated by the method 
of luuurtay .uid Young fiom ()ls/e\\ ski’s lesnlLs — 


(mm ) 

T (Al)s ) 

P (mm ) 

T (Abs) 

7G0 

83 

10,000 

119 

2" 

J,000 

02 7'^ 

15,000 

128 

P 

pooo 

U)G9“ 1 

20,000 

133 

2“ 

(>,000 

1114'^ 

25,000 

J35 

8“ 

8,000 

115 r 

25,400 

137 

aTCiitical) 


(^((rJjoih (ho.n(/e — It is somewhat stuinge that the vapoui 
l)H‘ssmes oi caiboii diovide have nevei been accuiately determined 
In ^Vndiews’s obst^rvations the pressmes weie calculated on the 
assumption ol Boyko’s law, and since the gas certainly contained 
«i tia(*(‘ of an, the u'sults, even li coirected, would be of little 
valm‘ Andrews givi^s ,>0 > 08" Abs as the critical temperatuie, 
and 7t» atmosplieies <is the ciitical piessinc, the pressure 
(*one(*ted loi tht‘ deviation of pr horn unity is pi obably about 
o 1,100 mm 

Amagut {Join (h Plnfsiqiir [»>], 1 , d>88) gives the lollowing 
valut‘H for the ciitu'ul constants Tc = >04 1)5, Pc = 55404, 
16 1 ct*. ( 5ulltd/(‘t and Ma-tliuia (Yc/rr dr [2], 5^ 

5 10) oblaiiuHl about th(‘ same value loi the ciitical tempeiatme 
(\ulh‘t(‘t r,112, 1 l70)giv(‘s ihe v<i])()ui piessiues between 
— 80 and — 1 ( ^ 


* (mtu ) 

T (Abs) 

7()0 

103 (Solid) 

1178 

200 

MfHI 

203" 

2351) 

200" 

2001 

213", 


* (mm ) 

T (Abs) 

4159 

223“ 

0(>27 

220“ 

7700 

233“ 

0652 

2 n)“ 


will'll tlii'Wi H'hultH .lie plotU'd, tlioy appoai somewhat 
iiit'^ulai 

The iiieltniK- point, which lies some little way above the 
boiliiig-poiiit, ilocH not iipi>cax to have been iletciimned 

Aiiiixluic ol solid cai'bomc acid and ethei has a constant 
tciujiciatiiio 1 9 1 <S ' Aba ao lon^f as it lias the consistency of 
butter, as soon as other appeals at the siiifacc the temperature 
nsea (Olszewski) 
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The densities of liquid caibon dioxide have ])eeii thdeimiiiCMl 


by Cailletet and Mathias — 


T (Abs) 

Dtnsii) 

303 2° 

0 3507 

301 1° 

0 301 1 

298 0° 

0 2513 

292 7° 

0 2014 

286 6° 

0 1585 

275 2° 

0 1010 


Ammonia — The vapour pressiues have been deUuinnuMl In 
Pictet for tempeiatuxes between — rJO"" and + r)0" ( - Tlie i(‘siilts, 
when plotted by the method of Itamsay and Young, give a faiily 
straight line The following are the smoothed lesults — 


P (mni ) 
760 
800 
1000 
1200 
1500 
2000 
3000 


T (Abs ) 
236 O' 
241 3“ 
245 8° 
249 7° 
254 8° 
2614° 
271 5° 


P (nmi ) 

4.000 

6.000 

8,000 

10,000 

12,000 

14.000 

16.000 


T (Vbs) 

270 3' 
200 3" 
200 0 " 
307 4 ' 
313 7* 
319 I" 
324 3' 


The results obtained by Blumke appeal to be less lelwble 
The vapour pressures at higher tempeiatuies can bo obtained by 
extrapolating on Pictet’s observation liy means ol the loiimila - 


TnH3 = Tch3OH(0 64071 +T(JHjOI[ x 0 000:11.118), 


where TCH 3 OH is the temperature of methyl alcohol coiiesponduig 
to the pressure required 

Vincent and Chappins give lor the critical constants — 

Critical tempeiatiire = 404° Abs 

Critical pressure = 83,800 miii 


Eehtmi,nmi,aigon,hyptm,and xenon — JJowar states that 
the helium cannot be condensed at the melting-point ol hydrogen 
At the boilmg-pomt of liquid hydiogen neon appears to solidily 
(P and T ) (p 218), and to have a very low vapour pressure, its 
critical temperature lies below - 210" C The following are the 
smoothed values for the vapour pressure of the three remaining 
gases (Eamsay and Travers, PM Tiwns, 1901) 
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Peessurp 

Tempera lURE 

(Constant jmeshuie liyclrogen ) 

Pressure 

Temperature 

(Constant pressure hj-drogen ) 

Mm 

Argon 

Kiypton 

Xenon 

Mm 

Argon 

Krypton 

Xenon 

300 

78 91“ 

no 48“ 

148 9“ 

14,000 

129 47“ 

175 88 “ 

238 7“ 

400 

81 31“ 

113 84“ 

153 2“ 

15,000 

132 73° 

179 45“ 

243 7“ 

500 

83 32“ 

116 14“ 

156 8 “ 

18,000 

134 88 “ 

182 79“ 

248 3“ 

500 

81 89“ 

118 35“ 

159 7“ 

20,000 

137 36“ 

186 00 “ 

252 6 “ 

700 

85 38“ 

120 19“ 

162 0 “ 

22,000 

139 65“ 

188 88 “ 

256 6 “ 

7b0 

800 

87 77“ 

122 01 “ 

164 7“ 

24.000 

26.000 

141 80“ 
143 82“ 

191 68 “ 
194 32“ 

260 2 “ 
263 8 “ 

1,000 

89 90“ 

124 84“ 

168 8 “ 

28,000 

145 80“ 

196 72“ 

267 2 “ 

1,500 

93 52“ 

129 55“ 

176 8 “ 

30,000 

147 58“ 

199 02 “ 

270 2 “ 

2,000 

97 95“ 

135 23“ 

182 9“ 

32,000 

149 28“ 

201 21 “ 

273 7“ 

3,000 

103 33“ 

142 17“ 

192 4“ 

34,000 

150 88 “ 

203 32“ 

276 0 “ 

4,000 

107 27“ 

147 34“ 

199 0 “ 

36,000 

152 52“ 

1 205 40“ 

278 9“ 

5,000 

113 58“ 

155 47“ 

210 8 “ 

38,000 

154 11“ 

' 207 25“ ' 

: 281 9“ 

8,000 

10,000 

12,000 

118 60“ 
122 72“ 
126 81“ 

161 95“ 
167 31“ 
171 87“ 

219 6 “ 
226 8 “ 
233 1 “ 

40,200 

41,240 

43,500 

155 60“ 
Critical 

i 

1 

210 5“ 
j Ciitical 

287 77“ 
Ciitical 


Table of Constanis 



Absolute 

boiling 

point 

Absolute 

molting 

lioiut 

AbsoUiti 
uitu ll 
iroiiit 

Critical 
piissiuc 
(iniu ) 

Dt nsity at 
boiling 
point 

Colour of 1 
liquid 

nydio^u‘ii 

20 

15 

35 

11,600 

0 06 

Golomless i 

Ovygcn 

90 5 

b(dow 50 

154 

44,080 

1 131 

Bluish 

Nitiogou (chemKal) 

77 54 

60 

124 

20,930 

0 791 

Colomlesb 

Nitiogoii (atmosplieiioj 

77 50 

60 


25,400 


9 9 

Caibon luonoYuIc 

83 0 

66 

137 


i 3 

Ocubou (lio\i(Io 

193 


304 

55,000 



Nituc oxide 

123 1 


1792 

54,000 2 


' 

Nitious oxide 

183 2 

170 3 

310 0 



? ^ 1 

M<'tliaiie 

108 3 


191 

42,400 

0 416 

,, 

Ethane 

180 

belowl 20 

305 

38,100 



Eiopane 

228 


370 

33,440 


j 7 

Ethylene 

169 5 

104 

282 

44,080 

0 j71 

7 7 

A( otyleno 

190 5 1 


308 

46,375 


1 ’ ’ 

Methyl chloiide 

249 3 


416 

41,000 


j 7 

Sulphiu dioxide 
Flnoiiiio 

263 

186 


428 4 

60,000 

1 11 

j 7 

Yellowish 

(Idouno 

239 6 




1 507 

Golomless 

liydiogen sulphide 

211 5 


373 

69,900 


7 

Hydiogen phos])hide 

188 

197 5 

404 



75 

Ammonia 

234 5 

85,900 


77 

Helium 

below 20 





7 7 

ISTeon 

30 40 


below 65 



7 7 

Algol! 

Kiypton 

Xenon 

86 90 


155 6 

40,200 

1 212 

7 7 

121 33 


210 5 

41,240 

2 155 

, 

153 9 


287 8 

43,500 

3 52 
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The mihcal constants — The only difficulty in deteimining the 
critical temperature is that of mamtaimiig a constant and dehnite 
temperature during the experiment The methods employed in 
regulating the temperature are described in the appendix and 
in the chaptei on the liquefaction of gases 

The gas oi liquid may be contained in one of the capillaiy 
tubes of the compiession apparatus, oi in a sealed tube Tlieie 
is no difficulty in condensing gases such as carbonic acid, sulphui 
dioxide, etc, even without employing liquid air Observations 
should he made both with rising and falling temperature 

The temperature obtained by direct observation in this way 
may differ slightly from the tiue critical temperature, since the 
volume occupied by the gas is not the true critical volume 
Since, however, as will be pointed out again later, a very small 
change of pressuie at the critical tempeiature involves a consider- 
able change in volume, the eiioi introduced is exceedingly small 
The cnt%cal jpiessu'ie is the most easily determined of the 
critical constants The liquid or gas is enclosed m the capillary 
tube of the compression apparatus, and the tube is heated oi 
cooled, so that part of it is just above the critical temper at lue 
and part below it The pressure is then slowly increased till the 
ciitical pressure is reached, when the meniscus between the liquid 
and the vapour in the tube suddenly disappears Observations 
may be made both with using and with falling piessuie 
(Altschul, Zeit Pliys Chem ii 1893, 577) 

If the critical temperature and the vapour pressures corre- 
sponding to two or more temperatures are known, the critical 
pressure may be calculated by the method given on p 2 3 G 

The critical volume — The determination of the critical 
volume is a matter of considerable difficulty, even when the 
substance in the liquid state can be brought into contact with 
mercury This is only possible in the case of liquids whose 
critical temperatures he within a very limited range The 
difficulty is considerably increased by the fact that a veiy small 
change of temperature about the critical point produces a con- 
siderable change in volume 

S Young {Phil Mag, 1892, 181) has described a method 
for the deteimination of the critical volume in the case of 
liquids which can be brought into contact with mercury at their 
critical points The gas, which is contained under pressure in 



\\ II 


\ \i'nl R |•Ri ssrUL AM> ('RUK AL CONS I AN IN 


249 


l!HMii|nlliHy pcJitiun (if d compUNhiou tube, iH luaintauuMl <it <i 
sleditlv uIhru* its entieal point, and ih allowed to 
expand by slowh tuiiuni^ tlu* s(uew ot tlie eoiupuNSoi St^jiaia- 
lioii of lupnd takiN jiLiee luonuaitaiil}, owing to adiabatie eoolino, 
and the poMtion of tht‘ huiiaet* ih obscnvial Alt(‘r ie])(‘at(al 
tnuls, the \olmne ns so adjusted that, on lowiuing tlu^ pHXssuie 
\t!> sliRhll), the sm fae(‘ of th(‘ lupud Ihn almost at tlus toj) ol 
tin Itdnx and its \olunu‘ tan 1 h‘ ie<id off dmaddy 

770 //oMofZ 0 / roz/b/e/ am! Mathuts {U r, 1880, 102 , 1202) 



loilainl) uelds the most aisauate results whudi hav(‘ yet been 
obtained It tail jdu*ad> Ihmui point(‘d out that eacdi of the 
Noflteiniah for an} sulistanee htdovv its eaatund ])oint eontains two 
pifint I eorie .ponding to tla^ volume^ oecaqiied by the Inpiid, and 
b\ It., \apour mnier the same pressure The curve joining these 
point, IS tangential to Itie isothiuanal efnTi‘B|)onduig to the entical 
tefiipeiat 110% a//nv at ihn ft ntperai K i c i/u* toIk //u'k oJ the (end 

iih itfptuie itndu flit sfunt /urshtor ((ir ^idenh(‘(d A (‘cording to 
tailhdet and MiithiuH, the points representing the nuain of the 
detiatns of the Inpnd and of the vapour should lie on a straight 
line whnh should also piiss tlnough the point corresponding to 
the iiiti(‘iil volunit* When I)/ is the deaisity ol the li(|uxd, and 
It tlii‘ deiiHily of the vapour at tempeiatuie T, 

Idhilh) a|//r 
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The method thus involves the deteiiuinution ol' fho mlunies 
of the saturated vapoui ami of the IkiukI, at leiujn-i.iluioM .m 
close as possible to the ciitieal point Tlie values plotlisl iii 
curves, and the cuives aie continued b> Ii.uid , poitmn 
of the curve lemainino undetei mined is sho\Mi in llu* 
figure by a dotted line The bisecting line, wlmh is 
practically straight, ns then drawn, .ind tin- milual 
volume IS read off on the euive 

In order to deteiinino the volunu's ol the salniali'd 
vapoui a known quantity of the gas eontainod m (lit 
compiession-tube was allowed to eva])oi.ite viu'V slouly al 
constant temperature When the li((uid had <‘i)ni|ib‘te!_\ 
evaporated the volume ol tlie vapour was olmu \ed 

To detciuune the vohmie.s ol the li(|iud a liydio'-tal it 
method was employed An 0-tuhe (Fig ll(>),'ahont .Ml 
cm long, and 15 mni inteinal dianudm, giadu.iled in 
millimetres, was sealed to the ea]iillaiy pm l-ioii ol a 
compression -tube The lowei ])oition ol the 0-tuhe 
contained merciuy, the upper pait and the rest el the 
apparatus gas 

The 0-tube was first slightly cooled so that a lev 
drops of liquid condensed in each hnih lu oidei to 
eliminate the surface-tension ellect, the eoidiiig ol one 
iii^i stopped, while the condensation was allowed lo 

\ — / proceed in the other The whole apjiaiatus was insiiii 
Pia 116 tamed at constant tempeiatuie tluiing eac*h set ol 
readings 

Where cl, d', and d" aie the densities of the Inimd, meimiiw 
and vapour, and h and h' are the differences in the hmght.s of 
the mercury and of the liquid coliinins, 

hd = h df + (Ji ~ Ji'yi" 

wE Cailletet and Mathias and the i.nneiples 

Set ? thorouglily studied hy S Y< aim 

{Cherre Soc Jou^, , 1897, 446), m the case of the pentane ^ m 
following points were investigated -- ^ 

““ >' 1 ' 
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3 Whether the point at which this takes place corresponds 
to the apparent ciitical temperature 

4 Whethei the apparent critical tempeiatiire depends upon 
the conditions — using 01 falling temperatuie 

He found that the bisecting line was not quite rectilineal, and 
that in order to calculate the mean values of the densities it was 
necessaiy to employ a foimula of the type {Chem Soc Jom , 
1900, 1140), 

D|5 = a ^ l)t tt* 

The densities of liquid and vapour appealed to be equal at the 
ciitical point 

With legard to the redl critical tempeiature, it was found 
that when the sealed-tube method was employed, the formation of 
mist and striie was not confined to the critical ternpeiatuie, but to 
a hunted lange of ternpeiatuie about 0 2"" C on eithei side of it 
When, howevei, the measuiement was made with the pressuie 
appaiatus so airanged that the volume could be adjusted, it was 
possible to deteiniine the ciitical point to within 0 05° C, the 
lesult agreeing within this limit with that obtained fiom the 
volume curve In neither case did a using or tailing tempera- 
tine produce a diffeient result 

A method for the deter mination of the specific volumes of 
Inpuds and of their saturated vapouis has lieen described by S 
Young {Ghem Soc Jom , 1891, 59 , 37), and has been employed 
by him m the case of 01 game substances, which are liquids at the 
01 dinar y temper atm es 

The liquid is introduced into a graduated capillary tube, 
which IS subse(iuently sealed, all the an is removed by boil- 
ing the liquid tn. vacuo It is necessaiy to determine the 
volume of the sealed end of the tube at the close of the 
experiments 

Suppose that the iKpiid is contained in a tube in contact with 
its vapour only, and the tempeiature is raised The apparent 
e\pansion is loss than the real expansion for the reason that 
some of the luj^uid is vaporised 

If now the upper portion of the tube be kept at constant 
temperature T, and the lower portion at a somewhat lower tem- 
perature so that the length of the column of vapour heated to 
the higher temperature may be varied, we can obtain data which 
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should be suf&cient to enable us to calculate the volumes of the 
liquid and of the vapoui 

Let y^be the true volume of the liquid at T", and ? the latio 
of the volumes of the saturated vapoui to that of the liquid at 
the same temperature 

If in the first experiment the whole tube is heated to 
and if IS the apparent volume of the liquid, and V, that of 
the saturated vapour, 

(1) v=v; + I-' 

'i 

In the second experiment let the lowei pait ot the tube con- 
taining Vg volumes of liquid be cooled to 6° Let be the 
difference between and the volume of the liquid when tlio 
apparatus is heated to 6°, and the obseived expansion 

Then since volumes of liquid at 6° fill -|- Vjj volumes at 
T , the total volume of the liquid would, undei the same con- 
ditions, occupy :^(V,,-t-VB) volumes At the same time the 
expansion has caused some of the saturated vapoui to condense , 
this will be 5 L 

T 

The true volume of the liquid will thus be 
(ii) y. = ~ (y + V 'i - ~ 

two sets of values for y^, y^, and y^ must be obtained 

From 1 and ii we have, 

Y _,^ ^^y(y .+yBHyny,) 

^ y„V +yy7 > 

and for the latio of the volumes 


If Sj and Sg are the volumes of one giam of liquid at T" and 

g V,x_Sa 

It IS, of course, impossible to maintain the conditions so that 
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consecutive poitions of the tube die heated to ditferent tempera- 
tines , there must always be au iiiteimediate portion, one extremity 
of which IS at the higher, and the other at the lower temperature 
If this length remains constant diuiiig both series of readings lu 
the second experiment, the lesults aie not affected so long as a 
cylindrical tube is employed 



CHAPTEE XVIII 


SOLUBILITY OF GASES lU LIQUIDS 

Histoiical — SoluBility and absoiption coefficients — Cliemical and pliysical methods 

of iii\ estigation — AVmcMei’s expeiiments and lesiilta — E&tieicliei's iiietliod 

JSohihlity of Gases %% L%qmds — All known liquids, with the e\ 
ception of niercui j, appear to dissolve gases to a gi eater oi lesn 
extent In some cases, however, the quantity ahsorbecl is vei} 
small, heavy peti oleum oil dissolving only a tiace of atniospliciic 
air 

In 1803 Henry discovered the law of absorption of gases, 
showing that the quantity of gas dissolved by a liquid increased 
diiectly as the piessure In 1807 Dalton developed the law 
fiirthei, pioving that the quantity of gas dissolved by a Iniuid 
from a mixture depended upon the partial pressure of that 
particular gas 

In 1855 Bunsen carefully investigated these laws, and found 
them to hold good in the case of inactive gases over consideiablo 
ranges Like the gas laws, however, they must only be consideied 
as approximating to the truth Bunsen defined the “ coellicient 
of absorption’’ of a gas as the volume of it, reduced to standard 
conditions, which at any temperature, and under normal pressure, 
dissolved in unit volume of hquid By means of an interpola- 
tioii formula with three coefficients, a = + 6^ -f cf', it was in most 
cases possible to calculate the absorption coefficient within ti 
range of 20° 

Recent researches have shown that little leliancecan be placed 
upon Bunsen’s results 

WincHer {Be^ , 22 , 1773) draws the following distinction 
between the terms coefficient of absorption and solubility 

That volume of a gas (reduced to 0° and 760 mm) which 
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unit volume ol a liquid dissolves when the total pressure at the 
suriace of the liquid is 760 nim is termed the solubility, S, 
that volume which unit volume of a liquid will take up when the 
pressure of the gas at the surface of the liquid, independent of 
the vapour pressure, p, of the liquid, is 760 mm, is termed the 
coefficient of absorption, C 

The temperatuie is taken to be 0° C in both cases 

760 

The value of p may differ fiom the tiue vapour piessure of 
the gas in contact with a \acuous space on account of the 
piesence of the gas in the liquid, or for other reasons The 
solubility 01 absorption coefficient is not a diiect function of the 
concentiation of the gas in the liquid, since contraction takes 
place on solution 

In ceitain cases, in which chemical combination takes place 
between the gas and the solvent, the laws of Henry and Dalton 
are not iigidly followed The quantity of carbon dioxide which 
watei will dissolve does not increase in proportion to the pressure 
When, however, carbon bisulphide is used as the solvent the laws aie 
obeyed within the limits of expeiimental eiroi, and the solubility 
ot the gas deci eases with rise ol temperatuie (Woukoloff, G ? , 
1889, G74) 

The lelationship between solubility and temperature and the 
deviations fiom Henry’s law form part of the great pioblem 
involved in the study of mixed liquids The curves representing 
the change of solubility with temperature, for gases under con- 
stant piessure, appear to indicate that foi each gas there exists a 
point of minimum solubility, and that the temperature corre- 
sponding to this point is in some way lelated to the critical point 
foi the gas 

The pioblem has been attacked by Van der'Waals,Kammerlingh 
Onnes, Kuenen, and others, and the composition of the liquid and 
vapour phase, the form of the isothermals, pressure, etc , for several 
pairs of substances, such as ethylene and carbon dioxide, have been 
investigated over wide ranges of temperature Dissimilar sub- 
stances, such as the permanent gases and water, have not yet 
been examined, it would be mteiestmg to know more about 
these phenomena (see p 225) 
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The following diagiam shows the form of the solubility curve 
for the commoner gases In the case of helium (Estieicher), 



and also of hydrogen (Bohi and Bock), the solubility of the gas 
first decreases with fall of temperature and then inci eases 

Bohi (Wied Ann, 1897, 62, 644) has shown that the 
relation between the absorption coefficient and the teinperatuies 
can be expressed by the ec[uation. 



where C is the absorption coefficient, T the absolute temperature, 
and n and K are constants dependent on the nature of the gas 
and liquid The formula is based upon the theoiy that the 
piessuie of the gas at the surface of the liquid should be 
in equilibrium with the osmotic pressure of the gas in solution , 
the latter would remain constant if the quantity of dissolved 
gas varied mversely with the absolute temperature The 
following results indicate the order of the agreement between 
experimental results and those le-calculated by means of the 
formula — 
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Oxygeu (Bohr and Book, p, 261) 


Temp 

Found 

Calculated 

0° 

0 0496 

0 0493 

10 

390 

386 

20 

317 

317 

30 

268 

269 

40 

233 

234 


Wincklex (Zeit Pliys Glum , 9, l7l) has pointed out that the 
percentage change in the value of the absorption coefficient 
between 0‘^ + 20"’ C is propoitional to the cube root of the 
molecular w^eight of the gas This has obviously no diiect 
physical significance 

Fiom the piactical standpoint the determination of the 
solubility of a gas in a liquid presents considerable difficulties 
In the first place the temperature of the whole apparatus must 
be kept constant duiing the whole experiment, and unless the 
apparatus can be shaken the time requned to establish complete 
equilibrium between the solution and the gas is considerable 
Fuither, both the gas and the liquid must be absolutely pure, 
and the volumes and piessures must be accurately measuied 

Methods foi the deteimination of the solubility of gases fall 
undei two headings chemical methods, in which the quantity 
of a gas dissolved in a liquid undei definite conditions of 
temperature and pressure is estimated by some chemical process, 
usually by titiation with a standard solution , and physical 
methods, in which the volume of the dissolved gas is accurately 
measuied 

In only a limited number of cases can chemical methods be 
employed , and as special methods must be applied m every case, 
the subject cannot be treated generally In some cases the results 
obtained by chemical methods serve as a valuable check on the 
lesults obtained by physical methods, this is particularly im- 
poitant when, as in the case of oxygen, the results obtained by 
diffeient expeiinienters diffei considerably 

Wmckler {Bm ,22, 176()) determined the oxygen dissolved 
in puie water satin ated under known conditions of temperature 
and piessure, by treating the solution with manganous chloride 
and caustic soda in older to absoib the oxygen, and subsequently 
titiating the iodine, set fiee on addition of potassium iodide and 
hydrochloiic acid, by sodium thiosulphate. The values obtained 

s 
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by this method agieed with those obtained by the volmnetiic 
method 

Cliemical method Physical method 

Wmcldei Wincklei Buiiseii 

Absorption coefficient 0*" 04890 04114 

„ „ 20“ 03103 03102 02838 

„ „ 30“ 02616 02608 


This indicates that Winckler’s lesults aie most piobably conect 



Since 1891 Wmcldei has pub- 
lished the results of Ins investigations 
with regard to the solubilities of the 
commonei gases in water As has 
already been pointed out, the check 
afforded by close agi cement between 
the results obtained foi oxygen by 
chemical and by physical methods 
point to the accuiacy of his woik 
The glass vessel a was filled with 
distilled watei, and the w<iter wms 
made to boil until about one-filth h<is 
evaporated While the steam \\ as 
still issuing from the lowei end, the 
tube was plugged by means of a iiibbei 
stopper and the apparatus was cooled 
and weighed in oidei to deteinnne 
the weight of the watei 

The bulb was placed in a laige 
water thermostat so that only the lowei 
end of the tube projected at the bottom 
A second bulb h was also placed m 
the thermostat so that the vertical 
stems lay close to one another , the 
second vessel contained only a small 
quantity of water and was intended 
to serve as a barometer The volumes 
of both vessels had been determined, 
and the vertical stems weie giaduated 
in millimetres. 


The stoppers which closed the lower ends of the vertical tubes 
w ere removed below the surface of mercurj in a basin, and it was 
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possible to determine whether the air had been completely- 
removed by compaiing the heights of the columns of mercuiy in 
the t\i^o tubes It may be pointed out that the weak point of 
the method lies m the difficulty of completely replacing the 
whole of the air in the bulbs by steam, and subsequently of 
determining the pressure of a trace of air by reading the baro- 
metric height 

Definite quantities of gas were then introduced into the 
absorption -bulb and pressure-gauge from a calibrated syphon 
pipette The presence of gas in the barometer served to eliminate 
eirors due to the change of vapour pressure of the liquid in 
presence of the gas , the quantities of gas introduced were such 
that the pressure was the same in both vessels 

The lower ends of the two vertical tubes were then connected 
by rubbei tubes to two mercury reservoirs , the pressure on the 
gas was laised to somewhat over atmospheric pressure, and the 
appaiatus was allowed to stand at constant temperature for some 
houis in 01 del to establish equilibrium between the liquid and 
the gas The measurements of pressure and volume were then 
taken 

The actual method of measuiement was as follows The 
piessuie on the gas in vessel h was adjusted so that, whatever 
might be the temperature, it was practically the same in each 
expel mient Fiom the observed volume and piessuie, and from 
the volume of the diy gas oiigmally mtioduced, it was possible 
to calculate diiectly the vapoiii piessure of the solvent A small 
correction was applied foi the absoiption of gas by the water 
contained m the bulb The pressure and volume of tlie gas m 
the absorption tube was measured at the same time The 
pressure on the gas m the latter was corrected for the presence 
of water vapour, on the assumption that the deviation from the 
pressure of the vapour in a vacuous space is proportional to the 
piessuie of gas This assumption appears to be justifiable, since 
the deviation and range of pressure are both small At tempera- 
tuies above 50° the deviation amounted to a few millimetres, 
and consequently, if it were not conected for, it would produce 
a considerable error in the calculation of the absorption co- 
efficient 

The following results were obtained — 

Oxygen {Ber , 1891, 3609) 



26 o 


EXPERIMENTAL STUDY OF GASES 


CHAP 


The coeffi-Cients are stated foi efoeiy degree between 0^ and 
100°; only alternate values between 0° and 34° aie givein heie 


0° c 

0 04890 1 

18“ C 

0 03220 

2 

4633 

20 

3102 

4 

4397 I 

22 

2988 

6 

4181 I 

24 

2881 

8 

3983 ; 

26 

2783 

10 

3802 1 

28 

2691 

12 

3637 

30 

2608 

14 

3486 1 

32 

2537 

16 

Mtiogen {Bm , 

3347 1 

1891, 360C) 

34 

2471 

The values are 

also given between 0° and 100° 


0“ c 

0 02348 

18“ C 

0 01594 

2 

2236 

20 

1542 

4 

2130 

22 

1496 

6 

2032 

24 

1452 

8 

1941 i 

26 

1411 

10 

1857 

28 

1374 

12 

1782 

30 

1340 

14 

1714 1 

32 

1304 

16 

Hydrogen {Bco 

1651 

, 1891, 99) 

34 

1270 

0^ C 

0 02148 1 

18“ G 

0 01844 

2 

2105 

20 

1819 

4 

2064 

22 

1792 

6 

2025 

24 

1766 

8 

1989 

26 

1744 

10 

1955 I 

28 

1720 

12 

1925 

30 

1699 

14 

1897 1 

32 

1685 

16 

1869 

34 

1672 

Carbon monoxide {Zeit Phys 

Chem, 9, 173) 


Measuiements are given between 0° and 60° 


O'’ c 

0 03537 

1 20“ C 

0 02319 

5 

3149 

' 25 

2141 

10 

15 

2816 

2543 

30 

1998 


Bohi and Bock (IFierf Ann, 1891, 44, 316) have also 
determined the co-efficients foi the commoner gases by a method 
similar to that employed by Winckler the results ditter some- 
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what from those aiieady stated They obtained the following 
values for the absorption coefficient, which aie stated in the 
oiigmal papei foi eveiy degiee between O' and LOO'' C — 
Oxygen 


0° c 

0 04961 

16" C 

0 03425 

2 

4720 

18 

3292 

4 

4496 

20 

3171 

6 

4286 

22 

3059 

8 

4089 

24 

2954 

10 

3903 

26 

2855 

12 

3732 

28 

2762 

U 

3573 

30 

2676 

Hydrogen 

0“ c 

0 020 3 

1 40" 0 

0 0152 

4 

198 

1 50 

146 

8 

192 

1 60 

144 

12 

187 

70 

146 

16 

182 

80 

149 

20 

177 

90 

155 

30 

163 

100 

166 


Estreicher {Zed PJup Clinn , 1899, 31 , 1V6) has desciibed a 
simple appaiatus Loi the determination of solubilities of gases ni 
liquids The liquid paitially fills a globe of known capacity 
which IS exhausted and weighed The globe is sealed to a spiial 
tube of capillaiy dimensions, which connects it with a burette 
containing the gas so that the globe can be shaken After 
exhausting the connectiiig-tube, the gas is admitted to the globe, 
and the absorption is deteiinined by measiiiing the deci ease in the 
volume of the gas and fioin the known capacities of the globe 
and connecting-tubes The whole apparatus is contained in an 
Ostwald thermostat He deteimined the solubilities of argon 
and helium by means of it 
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The specific heat of a substance is defined as the quantity ol: 
heat required to raise the temperature of unit mass of it one 
degree In the case of gases, however, this quantity varies 
according as the heating takes place at constant pressure, or at 
constant volume 

The determination of the specific heat of a gas at constant 
pressure is theoretically simple The gas, heated to a definite 
temperature, is passed in a continuous stream through a spiral 
tube immersed in the water of a calorimeter The specific heat 
IS calculated fiom the mass of the gas, from the thermal capacity 
of the calorimeter, and from the rise of temperature during the 
experiment, oi in some cases by legulating the conditions until 
the heat supplied to the calorimeter by the gas exactly com- 
pensates for the heat lost by radiation and conduction The 
latter method possesses the advantage that, since the fall of tem- 
perature in the gas does not vary throughout the experiment, 
variations of its specific heat with tempeiatures need not be 
taken into consideration 

So far no successful attempt has been made to determine the 
specific heat of gases by measuring the rise of temperature pro- 
duced when heat is supplied to them A method similar to 
that employed by Callendar {Boit Assoc 1899) in determining 
the specific heat of water, might be applied to gases with a view 
to determining the specific heat with very small quantities It 
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miglit be possible to circulate the gas through the appaiatus by 
means of the arrangement described on p 101, and to measure 
the rate of flow of the gas by passing it through a tube con- 
taining water maintained at a constant temperature, and then 
through weighed tubes containing an absorbent for watei The 
vapour pressuie of the water, the pressure on the gas, and the 
increase of weight 111 the tubes, would give the rate of How of 
the gas 

The first attempts to determine the specific heats of gases by 
Laplace and Lavoisiei, Dalton, Gay-Lussac, and others were, for the 
most part, indirect, and based upon theoretical notions with regard 
to the gaseous state In 1813 Delaioche and Bcrard deteimined 
the thermal capacities of a number of gases by passing a curicnt 
of the gas, heated to a known temperatuie, through a coil im- 
meised in a calorimeter 

The gas was contained in a bladder (Tig 110), which was 
attached to a tube leading to the heating ap- 
paiatus and coil The bladder was enclosed in 
a glass vessel, which was connected with a 
small gasholder, so that air could be forced 
between the bladdei and the walls of the 
vessel, incieasing the piessuie 011 the gas con- 
tained in the bladder The gas fiom the 
bladdei passed thiough a tube suiiounded with 
steam, then thiough a glass tube containing a 
thermometer, through the coil immersed in the 
caloiimetei, and was icceivecl in a second bladdei similar to the 
fiist By an aiiangemeiit of taps and tubes the gas could he 
made to pass fiom the second bladder to the fust, follownng 
the same course through the heating a])paiatus and caloiimeter 

The specific heat of the gas, with regard to air m one set of 
expeuments, was calculated fiom the temperature at which the 
heat supplied by the gas and by conduction became equal to the 
heat lost by ladiation 

In a second set ot experiments the caloiimeter was cooled to 
2" below the tempeiatuie of its surroundings, and a curjent of 
gas was passed through the coil till the tempeiatuie had risen 4°, 
The weight of any gas required to pioduce this effect boie the 
same relationship to the weight of air lequired to produce the 
same use of tempeiature, as the specific heat of the gas to the 
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Specific heat ot an The absolute specific heat of an \\a& also 
determined 

The experiments weie conducted with the gieatest c<ue, but 
pjrobahlys owing to the ditficulty of determining with accuiacy 
the quantity of gas employed, the lesults aie of little value Tim 
lesult obtained foi the specific heat of an between >0' and 100 
IS moie than 10 per cent highei than that obtained by liognault 
Tuithei, this result indicated that the specific heat of air nioieased 
lapidly with rise of tempeiatuie, and that although it ineieased 
with rise of density, it did not do so in like piopoitioiis lioth 
these conclusions were shown by Eegnault to be false 

The results obtained by Eegnault foi the spec 1 he heats of air 
and the commoner gases aie probably the most accuiate that 
ha\e yet been published His leseaiches, earned out in the eaily 
foities, are desciibed in volume xxi of the de VAtaddm'ie , 

the principal lesults are stated in a papei 111 the Comptes 
(1853, 36 , 676) 

The gas to be examined was compressed into a stout co])pei 
vessel holding 30 lities, the tempeiature of the vessel was main- 
tained at 0°, and the \olume of gas was deduced from the initial 
and final pressures, which langed fiom 9 to 3 meties of inei- 
cury The gas escaping from the reseivoir tlnough a valve, 
regulated by means of a micrometer screw a, entered a platinum 
spiral b 8 cm in diameter, and 10 meties long, maintained at 
a constant and definite tempeiatuie In order to maintain a 
constant current of gas, a mercury 01 watei manometei e was 
interposed between the valve and the coil, the pressuie 111 the 
manometer was kept constant duiing each experiment 

The end of the long platinum coil, which was usually heated 
in an oil > bath, passed out through the side of the jacket 011 
which it was enclosed and entered the side of the caloiimeter 
The connection was made by means of a piece of glass tube 
imbedded in cork, m order to reduce to a minimum the quantity 
of heat entenng the calorimeter by conduction The caloximetei d 
consisted of four flat brass boxes placed one above the other, and 
divided internally by spiral strips, so that the gas was compiled 

to pass from the middle of one box to the outside of the next, 
and vice veisa ’ 

Separate experiments were peifoimed to determine whether 
the temperatures at which the gas left the spiral and the ealori- 
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meter diffeied ax-)pieciably lioiii the tempeiatuies ot the spiral 
and caloiimeters themselves 

In oidex to deteimine tire specific heats of gases luiJei pres- 
sure, the gas which escaped from the calorimeter passed into 



a tube connected witli a nianometei and valve by which the 
pressure might be regulated 

In calculating the result, the volume of gas was obtained 
from the mitral and final pressures in the reservoir, taking into 
consideration the deviations fioni Boyle’s law as already deter- 
mined (p 162) The mass of the gas was obtained by dividing 
the volume by the density deteimined expeiinientally (p 125) 
The errors in Itegnault’s density deteimmations only amount to 
one pait in four thousand, and do not appreciably affect the 
final result 
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When the gas was not passing through the calorimeter, the 
latter continued to gam heat from three sources — 

(i) By convection, tins was practically propoitional to the 
(T — 0), the difference of temperature between the calorimetei 
and the coil 

(ii) By radiation 
(ill) By conduction 

(ii and 111 ) have practically a constant value, which may be 
represented by a rise of temperatuie of in unit time 

The rise of tempeiature in the calorimeter was observed for 
ten minutes before the gas was admitted Expressing the use 
of tempeiature per minute by A0 

A0 = A(T,-e,) + A, 

where A is a constant 

The gas was then admitted to the apparatus, and readings of 
the tempeiatuie of the calorimeter and of the heating-bath were 
taken at the end of each minute When the cuirent of gas was 
stopped the change of temperature of the calorimeter was again 
observed for ten consecutive minutes 

(2) A0^ = A(Ti~e^) + ;t 

The values of A and ^ can be determined from those two ecpra- 
tions, and applied to the calculation of the total disturbance during 
the equation 

A0 + A0' + etc = A(T + T' + - 0 _ 0' » o^^) + = a 

This value must be subtracted from the total rise of temperature 
in the caloiimeter, in order to calculate the heat conveyed to it 
by the gas alone If T is the temperature of the coil, since the 
temperatuie of the calorimeter uses steadily from 0 to 0™ tire 
heat lost by the gas is expressed by 

and the heat gained by the calorimeter 

c(e«-e-i), 

where W is the mass of the gas and C^, its specific heat, and C is 
the thermal capacity of the calorimeter 
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The following results were obtained for the commoner gases- 


Oxygen 0 2182 

Nitrogen (atmospheric) 0 2440 
Hydrogen 3 4046 

Carbon dioxide 0 2164 


Nitrous oxide 0 2238 

Nitric oxide 0 2315 

Carbon monoxide 0 2479 

Ammonia . 0 5080 


The probable accuracy of Eegnault’s results are indicated by 
the exactitude of the results of his investigation of the effect of 
temperature and pressure on the specific heat 

In the ease of an the specific heat was found to be constant 


Temperature 

- 30° to 4- 10° 

+ 10 ° „ 100 ° 
+ 100° „ 225° 

In the case of carbon dioxide 
temperature 

Teiiipeiatme 

- 30° to + 10° 
+ 10 ° „ + 210 ° 


Specific Heat of Air 
0 2377 
0 2379 
0 2376 

specific heat varied with the 

Specific Heat of Carbon 
Dioxide 

0 18427 
0 21692 


The lesults obtained foi the theinial capacities of air over wide 
ranges of pressure aie equally accurate 

E Wiedeiiiaiiu {Por/;/ Jiin, 157, 1) has also deter- 

mined the specific heats of a nurnbei of gases chiefly with a view 
to investigating the relationship between specific heat and 
tomiierature The results agree fairly closely with those ohtamed 
by Ileguault, hut thoie is no reason for assuming that they are 
more accurate , the diffeiences occurring m individual sets of 
expel imeiits appear to be of the same order 


Regnault 

Wiedemann 


Specific PI ext of Aie 

Higliest Lowest 

0 2389 0 2354 

0 2414 0 2374 


Mean 
0 2374 
0 2389 


The gas was heated in passing tbiough a copper cyhndei 
tilled with copper turnings and enclosed in an oil -bath, the 
calonmeter consisted of three small cylinders connected in series 
and contained in a vessel hlled with water The quantity of 
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watei m the caloumeter was only one -tenth of the uuantitv 
employed by Eegnault 

The gas was contained in a iiihber balloon Lolding ^0 
litres, which was enclosed m a I'aige glass jai altei the iiiLiiei 
of Delaroclie and lleiaid T^ie jai was connected with a 
gasholdei standing on a weigh - budge capable ol indicating a 
difference of 5 grams The whole anangenieiit is decidedl} 
weak, but although eiiois might have been lutiodueed through 
inaccurate deteiminations ot volume, and diffusion ot gases like 
ammonia and carbon compounds tliiough the iubbei,'’the total 
discrepancy cannot in all cases be accounted foi in this way 
Fuither, if the gas diffused tliiough the lubbei the lesult would 
be too low , in the ease of caiboii dioxide and an the leveise is 
found to be the case 

The character of the diffeience vanes in the case of diffeient 
gases, as will be seen in the following table — 



Air 

Hydiogeii 

Gallon Dio vide 

Carbon Mouo\ide 

Regnaiilt 

0 2375 

3 410 

0 2024 (10° - 100°) 

0 2179 

Wiedeniaiin 

0 2389 

3 405 

0 2088 

0 2426 

A 

+ 0 0014 

-0 005 

+ 0 0064 

- 0 0053 

A cmt 

+ 0 6 

-0 153 

+ 3 0 

-2 0 


The iiiegulaiity of the differences would pieclnde the 
possibility ot the eirois being due to inaccuracies iii the deter- 
mination of the theimal capacity of the caloi inietei 

In the case of air and hydrogen, gases in winch the specific 
heat does not vary with tempeiatuie, the differences aie small 
The discrepancies m the case of carbon monoxide and dioxide 
are, howevei, considerable, and it is possible that the eiror may 
he due to the fact that the methods of calculation which weie 
employed did not express with sufficient accuracy the loss of 
heat sustained by the gas in raising the tempeiature of the 
calorimeter 

Wiedemann attributes the diffeience m the case of air to 
inaccurate determinations of tempeiature on the part of Eegnault 
In the face of the close agreement between the results obtained 
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for the specific heat of an at different temperatures by the lattei 
this IS hardly possible It is probable that Eegnault’s result foi 
the specific heat of air is the more accurate 

The lecent deteimination ot the specific heat of air at 
constant piessure by Witkowski {PMI Mag , 1896, 42 , 1) tend 
to confirm the lesults obtained by Eegnault His method 
differed little fiom that of the latter, but his experiments weie 
conducted over a lange ot tempeiatuie between +98'" and 
— 170° C , liquid oxygen and ethylene were used as lefiigerants 
The an was compressed into small metal cylinders which weie 
weighed befoie and aftei each opeiation , as much as 40 giams 
of air was used in some of the expenments This method elimi- 
nates the eiror involved in correcting foi the compressibility of 
the gas and for the expansion of the vessel 111 which it is inclosed 
In order to determine the temperatuie of the gas at the 
point at which it entered the calorimeter a theinio- electric 
junction was employed The wne was sui rounded by a metal 
tube in contact with the gas, and thiough which a cuireiit of an 
from an independent source was circulated The temperature of 
the calonmeter was determined by means of a mercuiy thermo- 
meter, and the tempeiatuie of the heating or cooling chanibei 
contaninig the coil by means of a hydrogen thermometei 

In malving an obseivation the tempeiatuies of the calorimetei 
and of the coil were deteiimned dining each minute of the 
experiment After ten minutes from the commencement, the 
cock of the cylinder containing the air was opened, and the an 
was allowed to flow at a constant late through the apparatus, its 
temperatuie was determined at the end of each minute When 
the cylinder was empty the cock was closed, and readings of the 
tempeiature of the calorimeter and of the coil were again taken 
dining the succeeding ten minutes 

With the aid of the determinations of the temperatures of 
the coil and of the calorimeter a curve was diawn showing the 
vaiiations of the temperature of the latter The curve consists 
of thiee nearly Imeai portions, the mean slope of the fiist and 
last poitions, lepiesentmg the heating or cooling effect while the 
air was not passing, Was taken as indicating the external 
heating 01 cooling effect dining the principal period of the 
expeiiment 

The results obtained at atmospheiic pressure are as follows — 
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Between 98° and +20° 

0 2372 

„ - 77° „ +16° 

0 2374 

n -102° „ +17° 

0 2372 

„ -170° „ +18° 

0 2427 

Regnaiilt obtained the value 

0 2374 


Whethei the inciease of the specilic heat at — 170'' is due 
to change of tempeiatuie alone lemains undetermined It is 
probable that it may in some degiee be due to variations in 
the pressure, which should have a considerable influence at low 
temperatures 

It still remains to determine the specific heats of gases like 
carbon dioxide, which vaiy considerably over small ranges of 
tempera tuie It is obvious that the method employed should be 
one in which a current of the gas is heated or cooled through a 
definite range of temperature, in order to eliminate eriors which 
may be introduced through the gradual increase of temperature 
of the calorimeter, and which cannot be coriected foi with 
certainty 

The Specific Heat at Constant Volume — The specific heats 
of gases at constant volume have been experimentally determined 
by Joly {Pil'd Traifis, 1891, 73, 1894, 943, 961) Joly's 
method involved the use of the steam calorimeter in which the 
heat capacity of a substance is determined in terms of the latent 
heat of steam, by measuring the amount of water condensed on 
its surface 

Two globes, spun from one piece of gun-metal and closed by 
means of screw-down cocks, were suspended inside a steam- 
chamber by wires connected with the pans of a balance The 
steam-chamber was jacketed so that the initial temperature of 
the globes could be accuiately controlled Each globe was 
provided with a catch - water or inverted cone of platinum 
suspended beloW’ it to receive the water produced by condensa- 
tion of the steam The suspending wires were surrounded, at 
the points at which they passed outside the steam-chamber, by 
coils of platinum wire heated by means of an electric current 

The masses and dimensions of the globes were first so 
adjusted that when steam was admitted to the chamber the same 
q[uantity of watei was condensed upon each of them, indicating 
that the total heat gained was the same in each case, and 
that errors due to radiation and conduction were eliminated 
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One of the globes was then filled with gas undei known con- 
ditions ot temperature and pressuie, and both were leplaced in 
the chamber and balanced one against the other Steam was 
then admitted, and weights weie placed on one of the pans of the 
balance to compensate lor the excess ot water condensed on the 
globe containing the gas 

If 6^ and 9^ are the initial and final temperatuies of the 
globe, L the latent heat of steam, and W is the weight of water 
condensed m laisiiig the temperatuie of g giams ol the gas from 
9^ to 9^, and C the specific heat of the gas, 

supposing that no change takes place in the volume of the globes 
It was, however, found necessary to apply collections foi the slight 
diherence in the thermal capacities of the globes , for their 
theimal expansion and dilation under pressure , and foi the 
change of buoyancy pioduced by expansion The slight errois 
due to the theimal effect produced by expansion and to leakage 
could be neglected 

The Eatio of the Specific Heats — Within the limits of 
Boyle’s law the latio of the specific heats at constant pressuie 
and at consLant volume should have a definite value foi each gas 

The ratio of the specific heats was first detei mined by 
Cl(5ment and IJesorrnes m 1819 m the following maniiei A. 
globe fitted with a laige stopcock was in communication with a 
water manometei and an an - pump The globe was exhausted 
so that the water lose a few centimeties in the manometer, the 
air-pump was disconnected, and the tap was opened for a moment 
and closed again When the tap was opened air entered, and 
the ail alieady in the globe was compiessed, with consequent rise 
of tenipeiature 

If B IS the barometric pressure and (B — the initial pies- 
suie in the globe, on opening the stopcock volumes of gas are 
compiessed to volumes where 

( 1 ) = 
the process being adiabatic (p 185) 

On cooling the piessure becomes (B— ^ 2 )^ since the 

volume of the gas 111 the globe is scarcely altered by the change 
in the position of the liquid in the manometei, 

( 2 ) 



2^2 


EXPERIMENTAL STUDY OF GASES 


CHAP 


Combining equations (1) and (2), 

log B- log (B-jtq) 


I- 


log(B-j9,)-log 
Poi small difleiences of piessiire, 

:pi 

The oiiginatois of the method obtained the number 1 354 
foi ail j the tiue value loi the latio is probably 1 405, the value foi 
the constant obtained by Eontgen by this method (Poctcf A .7111 
1873,20b) 

The difficulty of obtaining good lesults by this method lies 
in the fact that, on account of the gieat difference between the 
theinial capacities of the gas and of the walls of the glass globe, 
the outer laj ers become cooled immediately, and the value of p 
is always low It has, however, been applied in a modified foiin 
by Bontgen to the determination of the latio foi an 

Although the method of Kundt and Warburg foi determining 
the ratio of specific heats from the velocity of sound in the gas 
gives excellent results, it is based upon the supposition that the 
velocity of sound is a direct function of the ratio of the specific 
heats This is highly probable , but as important theoretical 
conclusions aie based upon the value of the ratio in the case of 
the so-called monatomic gases it will have to be investigated 
Callendar has employed the platinum resistance thermometei 
to measure the actual tempeiature of the gas The platinum 
wire IS made veiy short, and a compensating arrangement is 
introduced to eliminate heating effects m the leads 

The method of Kundt and Waibuig is that usually employed 
m detei mining the ratio of the specific heats of a gas 

The velocity of a sound in a gas is expressed by the equa- 
tion 

J 


■ V 




where v is the volume occupied by mass iindei a pressure 
and ^ IS the ratio of the specific heats 

dp 


2Tow since within the limits of Boyle^s law is a constant 


for all gases, and ~ may be expressed by where d is the 
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density of the gas uiulei noimal pressuie, and at the absolute 
teniperatuie T, the relative velocity of sound ni two gases is 


given by the eixnatioii 



The lelative wave-lengths of sound of the same pitch in 
the iwo gases may be obtained by substituting In for to in the 

piecediiig equation 

I /m' 

r"' <wi'T' 


The appaiatus employed by Kundt and Waibuig is shown in 
Pio- 121 The tube A is about 60 cm 111 length, and has an 
internal diameter of about 7 nun The rod B passes through the 
closed end of the outei tube so that it projects foi the same 
distance on each side of the junction , it may be sealed into 
position 01 fixed by means of a piece of lubbei tube The en 


Flo 121 

of the lod which Ires inside the tube should be somewhat 
flattened The rod should be 7 mm in diameter, and the walls 
of the tube 1 5 mm thick 

The tube is made narrow at the open end and is connected 
both to the pump and to the apparatus for introducing the gas 
The connection is usually made by means of a piece of rubber tube 
which can be closed by a screw clip so us to :produce an echo if 1 
is necessaiyto seal the whole apparatus together the echo may be 
produced by placing a piece of glass rod about 3 cm long, and 
of neaily the same diameter as the tube, inside the tube, this 
can be moved about till the best result is obtained 

When the rod is rubbed the longitudinal vibrations set up in 
It are transmitted to the gas, and 111 order to record the positrons 
of the nodes and antinodes, the positions of maximum and 
niininiuin disturbance, a small quantity of light powc er is p ace 
in the tube The powder gathers in little heaps along the length 
of the tube, the distance between two consecutive heaps is one- 

half wave-length , 

Lycopodium powder may be used for inactive gases, it must 
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be previously dried iii a desiccator and the tube must be very 
thoioughly cleaned and dried before it can be intioduced For 
chemically active gases precipitated quartz may he used, pie- 
cipitated silica containing a little sodium chloride which had been 
fritted in the blowpipe flame and subsequently ground in an agate 
mortal was found to give better results 

Aftei mtioducmg the gas and closing the rubbei tube, the 
tube IS tapped with a knife ^so that the powder lies in a line 
along the bottom The tube is then turned slightly on one side 
and held firmly, while a piece of cotton wool, dipped in alcohol 
and squeezed diy, is drawn fiimly along the lod The opeiation 
IS lepeated until a satisfactoiy senes of leadings can be obtained 
The value of X is usually obtained by reading off the 
positions of the thiee extieme heaps of powder at each end of 
the tube and counting off the intermediate ones The leadings 
tiie taken by refeience to a silveied glass scale placed below the 
tube 

In dealing with a gas of the density of an no difficulty is 
experienced, but with light gases such as helium or neon it is not 
easy to obtain good lesults In the case of helium, at least six 
tubes were tried befoie one was found with which leadings could 
be obtained The difficulty lies in the small mass of the gas 
which is incapable of moving the particles of powdei Waves 
appeal to be formed, but they are piopagated thiough the glass 
and not through the gas, ‘^glass-waves” may be lecogmsed by 
the spiral appearance of the dust- heaps to which they give 
rise 

After determining the wave-length of sound in the gas, air is 
introduced, and the experiment is repeated The two results are 
stiictly comparable, as the fundamental note given by the glass 
lod IS independent of external conditions The value of the ratio 
of the specific heats for air has been found by Eontgen to be 
1405, Its probable value is 1 408, that obtained fiom the 
velocity of sound in air, the mean of the best determinations 
The temperature may be determined by means of a ther- 
mometer placed beside the tube on the glass scale, oi the tube 
may be enclosed in a water-jacket 

If it is intended to determine the absolute velocity of sound 
in the gas fioni the vibration frequency of the glass rod and the 
wave-lengths, it is necessary to apply a correction for the retard- 
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ation produced by the tube Kiichofl {Pogg Ann, 1868) gives 
the following formula foi the coirection, 

wheie D IS the velocity of sound through a large space, and a is a 
constant, a hiiiction of the viscosity and conductivity for heat of 
the gas 

Vebster Low (Wied Ann, 1804, 682) has verified this 
equation m the case of air The correction is small, and would 
iieaily disappcai in deteimining the velocity ot sound in one gas 
by conipaiison with anothei 

C 

The limiting values of the oatio 

Tor a perfect gas the translational eneigy of the molecules 
may be expiessed by ^ wheie m is the mass of a molecule, 

)b the numbei of molecules in unit volume, and u their mean 
velocity 5 and if the tempeiatuie be laised thiough one degiee the 
change in kinetic eneigy of the molecules may be evpiessed by 

2T 

n Gj, IS the specific heat at constant volume, 

(1) 0,, = j 

wheie E is the eneigy absorbed in doing inteinal work 

By employing the thermodynamic cycle on p 185, it was 
found that 

pv 

( 2 ) 

Idle number ot impacts of a molecule moving with mean 
velocity a on the walls of a cubical vessel of unit volume will be 

^ pel second, and since the impulse is represented by 2 mu, and 
since the total pressure is equal to the pioduct of the two 
total pressure — miir, 

01 since one-thud ot the molecules may he supposed to move m a 
duection parallel to each axis of symmetiy, 

1 , 
p = ~mnu-. 
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where p is the pie&sme on unit area, and if we considei the 
volume of unit mass, 

in = j 


Substituting the value of in equation (2), 


(3) 

ri ri 

(4) 

” 2T 3T ^ 


5 u- 


-g ^ -l-E 


Fioni (1) and (4), 


5 ii- 

C, 1 

2 T 


Poi d nionatomic gas withiu the limits of the simple 
equation E = 0, hence 

(■'p 

pf =-3 = 1667 


gas- 


For a polyatomic gas the value of E becomes eonsideiable, and 
the value of the ratio approaches 1 For a diatomic gas its value 
should be 1 400 

These liimting values have been assigned to the ratio within 
the limits of the gas-equation only, and cannot be extended to 
highly compressed gases Capstick (PMl Trans, 1895, 18Ga, 
572) and Eamsay, Peiman, and Eose-Iiines {TJnl T^ans, 1897, 
189, 167) have investigated a number of complex substances, 
and the latter have formed values for the ratio in the case of 
either as high as six units Witkowski {Phil Mag , 1896, 42 , 1) 
and Messrs Baly and Donnan measured the velocity of sound ni 
the commoner gases and found that the value of the ratio suffered 
but little variation over wide ranges of teiiipeiatiue 

Love {Phil Mag, July 1899) has pointed to an interesting 
connection between the value of the latio for the perfect gas and 
the Joule-Thomson effect, the latter expressing the deviation from 
the simple gas law Taking the value for a perfect diatomic gas 
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to be 1 400, he calculates that under uoimal conditions its value 
foi air should he 1 40‘1 , this is piobahly close to its tiue value 



T\ble 



1 


1 

Air 

1 4053 (Runtgen) 

Hydrogen 

1 414 

5 J 

1 4053 (Wulnei) 

Nitric oxide 

1 404 


14106 (Kaysii) 

Caibon monoxide 

1 411 

35 

141 (Jamin and Eicliaid) 

Carbon dioxide 

1 264 

Oxygen 

1 408 

Methane 

1 269 

Nitrogen 

1 414 

Aigon Helium, etc 

1 66 



CHAPTER XX 

EFFUSION, TEANSPlllATION, AND DIFFUSION 

The study of the phenomena which are gionped together in this 
chapter involves a considerable knowledge of mathematical 
physics A complete account of the more impoitant theoretical 
and experimental investigations connected with them will be 
found in 0 E Meyer’s woik on the K%net%c Theory of Gaseh I 
have only treated the subject superficially 

The rate of effusion of gases has recently been made the 
subject of an investigation by E G- Donnan , the following is a 
short abstract of his memoir \pinl Mag, 1900) 

It was first observed by Leslie m 1804 that rate of flow of a 
gas through a small aperture was connected with its density In 
1820 0 G Schmidt deduced from his experiments the law, 
which was afterwaids, in 1846, rediscovered by Giaham, that the 
rate of efflux was inversely proportional to the squaie loot of the 
density of the gas Taking the time required foi the passage of 
a certain volume of the gas, 

-1 = /fli 
V p: 

wheie p IS the density of the gas 

In 1839 Saint-Yenant and Wantzel proved experimentally 
that the efflux was independent of the external pressure , this 
phenomenon was subsequently rediscoveied by Graham, Him, 
Napier (1867), and Wilde (1886) The latter obtained an 
equation expressing the adiabatic efflux of the gas based on the 
assumption that the pressure at the wna contracta is equal to 
the external pressure , and observed that this equation leads to 
an absurdity when the external pressure is zero 
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Giahaiii’s expeiinients showed that when the diameter of the 
hole was sufficiently great with regard to the thickness of the 
septum 111 which it was pieiced, viscosity effects could be 
neglected That hydrogen did not conform so exactly to the law 
as did the othei gases, he attiibuted to the fact that the viscosity 
effect vas more marked owing to the lightness of the gas In 
1857 Bunsen {Qasomcti isehe Methoden) applied the method of 
effusion to the determination of gas densities by measuring the 
tune lequiied for a certain volume of gas to escape from a 
cylindrical vessel thiough a hole in a platinum plate at the top 
The gas was confined undei pressure ovei water 01 meicury, and 
the change of volume was determined by means of a float inside 
the cylinder The method could be applied to the determination 
of the densities of simple gases 01 of mixtures, foi since the 
phenomenon is independent of moleculai motion there is no 
sepaiation of gases at the jet 

The general theory of the adiabatic efflux of a peifect gas has 
luoie looeiitly been studied by Hugoniot and Osborne Eeynolds 
on the one hand, and by Paieiity on the other In both cases 
the following assumptions aie made — 

(1) That viscosity effects are eliunu.ited 
(i) That the ideal gas laws hold 
(.)) That the clllux is adiabatic 
(4) That the motion is steady 

Fiom then results Ih Donnan lias deduced foimulcc repre- 
senting the relative periods lecpuiied foi the ellliix of the same 
volume of two gases 111 teims of then densities p, and of then 
values of I, the latio ol the specific heats 

/Ih 

fr/(^‘i)V P, 

In the Hugoniot-Eeyiiolds formula 
111 the Baieiity foimula 



111 comparing the rates of effusion of a monatomic and of 
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a diatomic gas, such as air and aigon, for winch the values 
of /u are 1 408 and 167 respectively, 


01 , 


= 1 06 j ^ (Hugoniot-Re^nolds), 

V P2 

|i= 1 08 / fh (Parentv) 

G V P2 


expressions which differ consideiably fioni the simple isotheiinal 
formula aheady given The Hugomot-Eeynolds foimiila appealed 
to be the moie correct 

To leturn to the experimental side of the question In 
1897 Eamsay and Collie showed that though the late of 
flow of the commoner gases tliiough a poious plug into a 
vacuum appeared noimal, argon and helium gave consideiably 
higher velocities 5 Donnan continued the investigation to detei- 
mine whether the irregulaiities could be accounted foi in the 
mannei that has already been indicated 

Method of measurement and de^cmphon of a]p2^a'}afu^ 

It will be seen that the theory sketched in the foiegomg 
section only leads to simple compaiison-formuhe foi the case 
of eftusion m which the back-pressuie is small in comparison 
with the pressure in the gas-reseivoir The following e\peii- 
ments were made with an initial pressure in tlie gas-iesei\oit 
which was about 700 mm in one series and about 500 min in 
the others, the back-pressure rising fiom zeio to GO and 47 5 
mm respectively The principal condition was, howevei, that 
the apparatus should be such as to admit of measurements being 
made with small quantities (20-30 cc) of the larer gases It 
was necessary, theiefore, to employ very small apertures in oidei 
to 1 educe the unavoidable erior in the time-measurement^ to a 
sufhciently small percentage There was a limit placed to the thick- 
ness of the paitition, seeing that it had to withstand piessuies 
approaching that of an atmospheie without collapsing, and so the 
conditions imposed tended lather in the direction of viscosity- 
effects As will be seen in the sequel, such effects made them- 
selves apparent They could doubtless have been avoided by the 
of laige quantities of gas and much laiger apertiiies, 
but that was not possible in the present case The apparatus 

^ The time was measured by a stop watch maiking fifths of a second 
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employed is show 11 in Fig 112 , is the gas-resen 011, the gas 
])emg iiitioduced thiough the capillaiy tubing led by means ot 
tlie gas-syphon e The pies- 
suie was lead off 111 the 
closed barometer-gauge / by 
means of a 11111 roi -glass scale 
The effusion-plug, 01 paititioii 
containing the effusion -apei- 
tuie, was placed at 01 iieai 
the lo\iei extieimty of the 
ghisb tube q , h lep resents a 
giound-ghiss joint with external 
meicuiy seal During an e\- 
jxniment, the taps I, and 
/ being closed and m open, the 
gas passed fiom the leservoii 
(t> into the vacuous leceivei 2^ 
thiough the iiaiiow apeituie 
111 the eltiLSion-plug The 
tub(‘ ii led to a Toidei-pump, h 
which seived to evacuate the ^ 

<ipp<uatus and to collect the 
gas again at the conclusion ot 
an ex])eiiment Both gas- 
leseivoii and leceivci weie 
kept at a constant tempeia- 
tiue by being immeised in a 
veiy huge beaker of watei 
The tempeiatuie of the watei was maintained uniform and con- 
stant by means of a stniei with horizontal screw-shaped blades 
driven by adleniici hot-au motoi, and an Ostwald temperature- 
legulatoi filled with toluene 

111 01 del to make a measurement with the apparatus, the 
mode ot pioceduie was as follows — The end q of the bent 
capillaiy tube was diawn off to a fine point and sealed The 
taps I, j, /, and m were opened and the apparatus exhausted 
These ta^is \veie then closed, and the tube containing the gas 
ovei mcicuiy bxought over the sealed point q by raising and 
loweniig the mercury-trough The drawn-out end, which had 
been pieviously weakened by a file scratch, was now broken by 
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pressing the top of the tube against it, and the gas admitted to 
the reservoir by opening the tap I On its way thithei it was 
filtered thiough the cotton- wool plug o The gas was allowed to 
entei until the mercury in the gauge rose to a ceilain fixed 
scale-division It was easy to adjust this acciiiately, ])iovided 
the capillary had been drawn out fine enough , and in any case 
small inaccuracies in tins adjustment aie absolutely without 
effect on the measurements, as is foreseen from the theoiy, and as 
will be confiimed later on The tap I having been closed, the 
effusion was started by opening the tap m and a stop-watch 
set in motion as soon as the meicuiy meniscus sank to a 
ceitam scale-division a little below % smooth and easy 
motion of the falling mercury meniscus was seemed by 
having a small quantity of glycerine in the gauge, 'he ]ust 
sufficient to lubucate the glass wall but not enough to collect 
ovei the mercury The watch was stopped as soon as the 
meniscus reached a third fixed division, Proceeding in tins 
way with each of the gases to be compared, it will be seen that 
the times of effusion aie measured between exactly the same 
limits of piessure The pressuie in the receivei at the end of 
the effusion was measured roughly by opening ^ and reading tlie 
closed U-gauge In older to make two consecutive nieasuie- 
ments, it was only necessary to open pump out the receivei p, 
close 'z, and readjust the pressure in the reservoii to by 
admitting more gas 

The effusion-plug was made by taking a circulai disc of 
platmum-foil (about mm thick), backing it with a Hat piece 
of agate, and piercing it in the centre by gently pressing a veiy 
fine needle against it The disks so constiucted were tlien tested 
by sealing them to the end of a glass tube witli Chattel ton 
cement, and observing the rate of effusion into tl^e exhausted 
\essel of a Topler-pump, by noting the rate of fall of the meicury 
in the vertical capillary 

A suitable disc having been obtained, it was melted off, 
burnt clean, and soldered with gold to the end of a stout 
platinum tube, which was finally sealed on to the end of the 
glass tube w (Fig 112) The effusion-apertuie employed in the 
first senes of measuiements was about mm in diameter 
Prehminary expeiiments showed that the time of effusion foi any 
given gas varied somewhat fioiii day to day and to a less 
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clegiee — e\eii during the course of a coii'Secutive series of 
ineasurenients This source ot eiior was elmimated by conipanng 
each gas directly with oxygen, and usually the time of effusion 
foi oxygen was measured immediately befoie and immediately 
aftei that ot the gas 111 question, and the mean of these two 
values taken 

It appealed, however, iiecessaiy to intioduce a collection for 
viscosity which was applied by means of the foimula, 

t — a + 


wheie fjb IS the viscosity of the gas lelative to oxygen, h is a 
constant, and a. is a factoi dependent on the size of hole 

Assuming that the time lequiied foi the effusion ot oxygen 
and hydiogen aie pioportional to the square loots of then 
densities, as is highly piobable, a and 1 ) can be calculated 

Oxygm (obseived) 

Hydrogen (obsei\ ed) m 

„ (oalciilated liom densities.) 169 7' 

676 0 — a\/lO + Z^x 1 
176 6==a >J\ 00 S + h X 43^5 
a = 166 5 h^lO 


Applying these lesults to caibon monoxide 
Oxygen (obseived) 

Ocubon monoxide (obsei\ed) 630 0 

^ / 1 6 6 5 X — — +■ n/I4^ + (875 + 10) 

^ =632 3" 

Gaiboii monoxide (calculated fioin density) 632 9 


The results obtained in the case of aigon are veiy inteiesting , 
they aie tabulated below 


Ox>gen (observed) 

Aigon (obseived) 

(calculated from densities) 

(calculated from densities and cor- 
rected for viscosity 

„ (calculated fiom the Hugonioi-Re>- 
nolds formula) 

(calculated fi om tlie Parent/ foi m ala) 


673 3" 
723 9'^ 
751 2" 

751 0" 

715 0 " 
692 0" 
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These lesults show that the abnoimality in the case of 
aigon can he attiibuted to the process of the effusion being 
paitially adiabatic It appeals likely that if the process weie 
tiuly adiabatic, the Hngoniot-Eeynolds formula would express the 
lesiilts fairly exactly 

Helium and caibon dioxide weie found to behave in a 
manner which could not be explained on the assumption of tlie 
peifect gas laws Helium appeals to effuse too slowly and 
caibon dioxide too quickly , this is attributed to the internal 
woik performed by the gas at the jet, which, is shown, would 
account for these irregularities It may be added that in the 
case of helium the value of pv appeals to inciease with increase of 
piessuie to an even greater effect than in the case of hydrogen 
It IS possible, therefore, that though the Joule-Thomsoii effect 
(p 187) IS nearly negligible in the case of the lattei gas, it may 
have a strongly negative value foi helium 

Ti anspi'i cition — The flow of gases in capillaiy tubes was 
first studied by Thomas Graham in the early forties {Phil Tians, 
1846) The gases, confined over w^atei in glass vessels, were 
drawn through capillary tubes of various dimensions into the 
receiver of an an -pump, and the time required to pioduco a 
definite rise of pressure was observed in eacli ease The con- 
clusions armed at may be briefly expressed as follows — 

(i) If a gas flow^s into a vacuous space through a tube whose 
length IS eitiemchf shoit, a mere ring, it will obey the law of 
effusion With the slightest elongation the effusion numbeis aie 
disturbed, the change being very great at first but soon falling off 

(ii) A tube of any dianietei is suitable for tians])iration 
experiments, provided a certain length is given to it 

(ill) The relative time of transpiiation of a gas appears to be 
independent of the pressure, but increases with use of tempeptme 

(iv) The time of transpiration of mixed gases appears, in some 
cases, to be the mean of the two components, but m the case of 
hj/drogen it appears to tend in the direction of slower tianspiia- 
tion 5 the addition of small quantities of hydrogen to other gases 
appears to prolong the time of transpiration 

The following figures express the time of transpiration of the 
commonei gases — 

Oxygen 1 00 

Carbonic acid 0 *75 


Hydrogen 0 14 

Nitrogen 0 875 
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Viscusd)/ , tutcnial fnctwn — A stream of gas flowing past a 
olid surface may be supposed to consist of a number ot thru 
a>ers paicdlel to the surlace The layer rn contact with the 
iiuface may be su])posed to be at rest, and, indeed, it has been 
noved e\periineiitally that the friction between a gas and a 
solid IS, except at low pressures, negligible Each successive 
.ayer moves o\ er the one beloi e it with an increased velocity , and 
i the stieaiu is moving m the direction ot i, the velocity v is a 
linear tuiictioii ot y, the peipendiculai distance from the surface, 
iince the fiictioii between unit area ot each layei is the same 
It E IS the tangential force between unit areas ot any pan 
ot layers. 


where /r is a constant, the coetticieiit ot viscosity It we consider 
the layers as being at unit distance apart, and luoving, lelativel) , 
w'lth unit velocity 

(11) b = 

Supposing th<it the gas consists ot molecules, there will be 
a constant interchange between the layers, a cpiicldy-nioving 
layer receiving molecules ot highei velocity than those which it 
gives to the slow-moving layei next to it, this interchange 
resulting m a tendency to equalise the velocities ot the layers 
The tangential force will depend upon the number, velocity, and 
range of action ot the molecules, oi m other words on the number 
ot iinpacts between them in unit time Smee at constant 
temperature, only the niniibei ol molecules in unit volume, and 
then range ot action, change, and these two factois change in 
inverse latio, the viscosity ot a gas should, at constant tempeia- 
ture, be independent ot the piessuie This conchisioii was 
airived at by Gleik-Maxwell ni 1860 iioni his mathematical 
investigation of the viscosity of gases, and was confirmed by 
Ills own experiments The lesults obtained by Graham twenty 
years earlier, pointed in the same diiectiou, and the actual values * 
of the viscosities calculated by O E Meyei trom Graham’s data 
were eonfirmatoiy ot Maxwell’s law The subject has been dealt 
with by 0 E Meyer in a work entitled The, Kuutic Theonj of 

Ga^es 
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The method employed by Maxwell in his expemncnts was 
one which, m a simplei form, had first been applied b} 'Uoiilomb 

to the deteimmation of the vis(()sity 
of liquids Hcie thiee eiiciihii discs 
weie fixed rigidly to an axis whicdi 
was suspended at one end b) a 
fibre, so that il they weic lotaU'd 
they would oscillate about the <i\is 
and giadually be bi ought to i(‘st l)y 
fiiction with the smiounding gas , 
the viscosity could !)e calculated lioin 
the logarithmic decieinent of the 
peiiod of oscillation In oidei to 
increase the fiictional efh*ct of tlie 
gas Maxwell mtioduced ioui h\ed 
discs a a a a, above, lielow, and 
between the lotating discs, and veiy 
neaily touching them The results showed that Maxw (ill’s Liw 
held between pressmes conesponding to 10 and 700 mm ol 
mercury It appears piobable that this method is capable of 
giving the most accuiate results for the absolute values oi tlu‘ 
viscosities of gases, though, as Kundt and Waibiirg havi' shown, 
it IS necessary to apply a collection foi the external slipping 
friction caused by the motion between the moving sin lace and 
the gas, when dealing with rarefied gases 

Ciookes {Fhil Tjcms, 1881) employed a lotatiug vam^ ol 
mica in the investigation of the viscosities of laiehcd gases , the 
results, which were calculated by the aid of foimultC developed 
by Stokes, showed that the law of Maxw^ell held good down to 
very low pressures, but that at extiemeraielaction a sudden change 
usually occurred 

The lelative viscosity of a gas may be deteimined with a fan 
degiee of accuracy by means of Graham’s tianspiiation method 
0 E Meyer has shown that where and p,, lepiesent the 
pressures at the two ends of a capillary tube of length I <md 
radius v, where fx is the coefficient of viscosity, and 'i\, is the 
volume of gas which passes through the tube m t seconds" 
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^ IQfil 2h ’ 

a1u‘U‘ the (hiving piessme (p^ —p) is constant and not veiy great 
1 ht* \ allies oi 9 and I would be difficult to determine acciiiately, 
)ut. Ill making compaiative mcasuiements then absolute values aie 
not KHpuuMl In ineasuiiiig the viscosities ot argon and helium 
Imid haykagh employed a tube about 1000 mm 111 length 
iml 1 mm in dmmetei (Fioc Roy Soc, 59, 206), connected at 
^atluu (md with a gas huiette and a manometei During the 
passagt^ of tlu‘ g<is the piessures were legulated by one ot the 
and it was {ound ])Ossihle to adjust them with sufficient 
ae(mi<H‘V As «i ehedc on the expeiirneiits the relative viscosities 
ol ludiogim <nid <in w(‘ie deteimmed, and the lesults weie found 
to be s.dis{,i(*t()i} 

1'h(‘ Mstohity (oedieient ot an is given by 0 E Meyer as 

0 000 172, th(‘ mean ot the lesults of six obseiveis The \alue 

01 th(» (*o(‘lhci(‘nt is ol the same older tor all gases, and even 111 
llu‘ (Ms(‘ ol the monatomic gases no vaiiations aie found The 
lollownig au‘ th(‘ <iccepted values toi the pimcipal gases — 



1 

IT 

III 

< )v\g(m 

0 OOOlOi 

0 000 L89 


N it logon 

0 000 107 

0 00016G 


( tulion (liovidc 

0 000 145 

0 000138 

0 000152 

1 hdiogon 

0 000084 

0 000086 

0 000092 

(^ah'ulaUid by 

0 K Meyei 

horn Giaham’s tianspiiation 


mimlKns The number 0 899 is given toi an leterred to oxygen 
as unity, and tluj viscosity of air is taken to be 0 000172 at 
O' V 

H I)iu‘ctly deteimmed by Von Obeimeyer by the tianspira- 
tion method at 0" U 

111 Dehumnied by Kimdt and Warburg by the method of 
osmllation at 1 5" 0 , the numbeis are, however, somewhat highei 
than 111 I and II 

From the tianspiration experiments of Lord Eayleigh (loc 
<ii ) the monatomic gases have viscosities 

Argon 0 000208 

llelmm 0 000165 

It may be mentioned lieie that the \iscosity of a gaseous 
mixtiuc IS not necessarily the mean of the viscosities of the 
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constituents, and, as was shown by Giaham, the pie^eiice ot a 
small quantity of a gas, such as hydiogen, which has a low 
viscosity, may increase the appaieiit viscosity of a gas like caihoii 
dioxide , this fact is in perfect accordance with the kinetic theory 
It is necessary, therefore, to take paiticiilai piecautions with legaid 
to the piiiity of the gases employed, though, as Loid Eayleigh 
has shown, the lesults aie not likely to be seiiously afiected by 
the piesence of tmecb of moisture oi of othei gases 

The effect ot a rise of tempeiatiue is to ineiease the Mscosity 
of a gas It will suffice to state heie that the change is of the 
same ordei foi all gases, though it might have been supposed 
that a difference would have been obseived in the case ol the 
monatomic gases, since the change in viscosity is dependent not 
only on the number of the impacts between the molecules, but 
on the natuie ot the impacts ((Jail Bams, Am J & , 1888, 
408 5 Holman, Fioc Am Aiacl, 1885, 16, Eayleigh, loc at , 
Sutheiland (Theory), FJnl Mag , 1893, 386) 

Diffusion of gases — This teim, though employed by Chaham 
111 describing the passage of gases thiough poious septa, should 
more propeily be applied to the mixing of two gases biought 
suddenly into contact over a fiee suitace The subject was 
studied by Loschmidt of Vienna, and the lesults published under 
the title of Difiision of Gases without Poious Septa A glass tube 
1000 mm long and 25 mm indiametei was divided in the middle 
by a thin steel shutter, in which a hole, equal in diameter to the 
iiinei section ot the tube, was pierced The two halves of the 
tube were tilled with diffeient gases, and the shuttei was moved 
so as to bung them into contact for a defimto peiiod ot time The 
degree to which the gases had mixed vas deteimined by chemical 
analysis, and, from the results, coefficients of inter-diflusion weic 
calculated from foimulde developed by Stefan on the basis ot the 
kinetic theory 

The passage of a gas thiough a porous septum into a vacuum 
appears to take place paitly by effusion and paitly by diflusion , 
the phenomenon is partly moleculai and paitly hydiodynamic 
It IS difficult to determine how far each of these phenomena comes 
into play, but since the rate of flow of the gas is inveisely 
proportional to the square loot ot its density, it appears to be 
conditioned by internal friction only to a veiy slight extent 
The method does not, however, lend itself to the determination 
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(>( L>iib densities The passage of a mixture of gases thiough a 
pnioiis se])tiun lesiilts in a partial sepaiation of the constituents,* 
t.lu‘ lightei gas passing thiough 111 gieatei quantity The separa- 
tion is, howevei, by no means complete, and even weie the 
plunioinenon one of simple diflusion, the concentration of the 
luaiviei gas on the first surface of the septum would tend to 
de(n(‘ast‘ the elliciency of the process 

method of fi actional diffusion, 01 atmolysis, was one of 
the nuh/Iiods employed by Eamsay and Eayleigh to prove that 
atmospluu'ic mtiogen was a physical mixture (PM Tians, 1895 , 
186 , 1 <S 7 ) It w«is also applied to the separation of the con- 
statumits ot clevite gas (Ihimsay and Collie, Fiat Roy Soc , 60 , 

, Ramsay and Tiaveis, ^(l 60 , 206 ) 

Tln^ gases wcio intioduced through a stopcock E into the 
dUlusion vessel A, which communicated through the porous plug 
1 ) ,iud the stopcock C with a Toplei-pump 
Tli(‘ )>lug consisted of a piece of tobacco- 
pip(‘ stmn, (dosed at one end and cemented 
into the ghiss tube at the top of the 
vtsscd A Ilefore mtioducmg the gas the 
appaiatus was exhausted thiough the 
stopcotdv I), which was sul)sequently closed, 

4is was the stopcock C The rubber tube 
(‘oiuHHitmg the nieicuiy le&eivoii F with 
tlu‘ diUusion vessel (‘ould be closed by a 
pnuduiock Dining the actual experiment 
tlH‘ Kssmvoii was adjusted so that the 
pu‘SHin(‘ on the gas in the vessel was about 
<*(pial to the atmospheric piessuie 

In the first stage of the expeiiment 
th(‘ vt^sHcl A, after exhaustion, was filled 
with the gas, winch was allowed to difusc 
thiough the ])oious plug into the pump Five equal fractions 
wei(5 ])umpe(l off and collected separately The fiist and lightest 
toudiou was then introduced, and after two-thiids of it had 
passiHl thiongh the plug, the stopcock E was closed, the gas m 
llu‘ pump was collected to foiin the first fraction of the second 
Hina^s, <ind the second fiaction was added to the gas in the vessel 
A Il.ilf tins gas was allowed to diffuse into the pump, and the 
lomanniig Inilf was mixed with the thud fraction and treated 111 

u 
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the same way This opeiation wa>s leiDeated in the casi‘ ol (‘ach 
fiaction of gas, so as to pioduce six othei Iitictioiis To ohtam 
the sixth fraction it was necessaiy to open the stopeoek I) *uul 
exhaust the appaiatus 

This cycle of opeiations was lepetiled about tlnii> tuni‘s, with 
the lesiilt that the density ol the lightest liaction was lediUHnl to 
198, the density of the oiigmal gas was 2 18 The method is 
an extiemely tedious one to caiiy out, and is fat less eliiadive 
than fractional distillation as a means ot sep<iiating gas(‘s in a 
mixture 
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KEFKACTIVITY 

The first attempt to determine the lefractivities of gases is that 
of Duloiig in the yeai 1826 (A dc Oh et de Ph , 31, 154) The 
gas was intiodiiced into a hollow glass piism, and the pressure 
was adjusted till a definite deviation was ai lived at The 
lesiilts obtained aie closely in accordance with those of modern 
investigatois 

It would he impossible to deal with the vaiioiis methods 
which have been applied to the deteimmation oi lefractivities 
ot gases, the majoiity ot them aie based upon th(‘ jninciple of 
inteifeience, and it is probable, from the widely discoidant 
lesults which have been published, that the measuiements have 
larely been made with pine gases 

Although it lb onl> with consideiable dilhculty that the 
absolute leliactivity of a gas can l)e determined, it is a compara- 
tively simple matter to deteimine the ratio of the constants for 
two gases, or the lefiactivity of an} gas in terms of the lefraetivity 
of ail, which IS taken as unity 

The left active index /z, of any substance, foi light of any 
particular wave-length, is an inverse measure of the velocity with 
which light of that particular wave-length tiavels in the sub- 
stance 

The refiactmt} of a substance is expressed by the symbol 
(ya— 1), and for matter geneially, the law of Dale and Gladstone, 

— = constant, 



292 


EXPERIMENTAL STUDY OF GASES 


CHAP 


holds good within naiiow limits In the case of the moio 
perfect gases, 

= constant 

« p 

It is not diffacult to attach a physical meaning to the teiins 
(/a — 1) Supposing matter to consist of molecules 111 the 
ether, if the tune required foi the passage of light thiough <i 
vacuum were umtv, ju, would be the time lequired for the 
passage of light through the same space filled with niattei 
(/A — 1 ) IS thus the retardation pioduced by the presence of the 
molecules 

Lord Eayleigh (Pioc Hoy Soe, 59, 203) has devised a veiy 
simple apparatus for determining the lefractivities of gases, 
which depends upon the comparison of the velocities of light 
through identical lengths of two gases by the method of 
interference The appaiatus was first applied by him to the 
determination of the refi activities of aigon and helium, and 
subsequently 111 a slightly modified form by Eamsay and Ti avers 
to the examination of the constituents of atmospheric aigon 

In the apparatus (Fig 125, A and B) the gases were contained 
in two glass tubes a, which were connected together and weie closed 
at the ends by optically-worked glass plates The tubes weie cut 
from a straight length of glass tube about 7 mm in diametei, and 
the side tubes were sealed to them , they weie then connected 
together by a broad band of veiy thin coppei sheet, and cement 
whs run mto the space between them The ends i V were then 
ground perpendicular to the axis, and the worked glass plates, 
which were only sufficiently large to exactly covei the ends of 
the tubes, were attached by means of rubbei cement The tubes 
were then tested for leakage fiom the outside, and from one tube 
to the other The tubes were placed between the two plano- 
convex lenses c and d, in such a manner that the middle points 
of the upper edges of the end-plates lay in the optical axis The 
lenses weie achromatic, and of about one foot focus , they weie 
mounted on brass tubes, which were attached by cement to slides, 
which could be moved along the wooden beam on which the 
appaiatus was mounted The slit e was made by drawing a line 
with a razoi acioss a piece of tinfoil cemented closely on to the 
second surface of an ordiflaiy piece of, glass plate The slit was 
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illuminated by means of a paraffin lamp /, placed at a distance 
of about 10 cm fioin it A piece bf caid g, pierced with two 
^ eitical slits, was placed in fiont 


of the second lens These slits 
were about 4 mm ’VMde, and 
then centies coincided with the 
axes of the tubes A veitical 
cylindrical lens was placed at m 
to serve as an eyepiece for the 
observation of the bands foimed 
in the focus of the lens d The 
lens was made from a strip of 
plate glass which was turned 
in the lathe with a file and 
tuipentine to about 3 nirn dia- 
nietei, and was then polished, 
glass lod would not seive foi 
this puipose The tubes a weie 
connected b^ capillaiy leads 
(liiectly to the inanometeis li 7 //, 
which weie ])io\ided with ad- 
justible inercuiy leseivoiis / /', 
so that the piessuie could be 
alteied at will The tubes and 
inanometeis could be filled with 
g«is thiough the two-way stop- 
cock A, by means of the apjui- 
latus desciibed on p 300, 01 
connected with the pump Tlie 
manometers weie placed m front 
of a ruled glass scale, and the 
leadings weie taken b> moans 
of <i telescope 


A 



Pig 125 


I he pi]nci])le of the apparatus is as follows The diverging 
beam of light fiom the slit e is lendeied paiallel by the lens c 
hrom this point we may consider two paiallel beams passing 
partly down the tubes and partly above them, and being brought 
to a locus by the lens d At points in the local plane of &, at 
winch the lengths ol the paths of the two beams differ by one- 
half wave-length, inteileience takes place and bands are formed 
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If the sodium flame is employed as a soiiice ot bauds 

will be black with bright spaces of yellow light between them , 
with ordinal y white light the daik bands will have coloured 
fringes Theie is no advantage, however, in employing mono- 
chromatic light, the dispersion of gaseous matter is so small that 
the eiroi introduced by the use of white light is too small to be 
consideied in ordmaiy expeiimental wo^k, and the colouied bands 
are quite easily observed The shaipncss of the bauds laigely 
depends on the nai rowness of the slit 

When Mewed wuth the cylmdiical lens two supeiimjiosed 
sets of bands appear The uppei set, which is pi oduced by the 
beams ol light passing over the top ot the tubes, acts as a 
set of fiducial points, the lowei set is pi oduced by the lieams 
of light which pass through the tubes On account of slight 
irregularities which may exist in the plates oi lenses, the two 
sets of bands will not coincide, this erioi does not, howevei, 
affect the ultimate lesult 

The tubes and manometers are first thoioughly exhausted, 
one is filled with the gas whose lefractivity is to be detei- 
mined, and the other with air or with some other standard If 
the two gases have the same lefiactivity, and aic at the same 
pressure, the beams of light will pass with the same velocity 
through each of them , consequently, the points at which the 
interference bands are formed will be the same as when they 
were both filled with air at the same pressure, oi weie completely 
exhausted If their refractivities differ, the velocity of light in 
the gas of low^er lefiactivity being gi eater than the velocity 
of light in the other gas, the bands will be displaced in the 
direction of lower refiactivity The piessuie in the tube contain- 
ing the gas of higher refiactivity is now reduced by lowei mg the 
manometer reservoir until the bands in the uppei and lowei lovs 
exactly coincide The pressure in each manometer is now read 
by means of a telescope , and, in oidei to ensiue accuiacy, one 
of the reseivoiis is readjusted four oi fi\e times, the other leimuu- 
ing fixed 

If it weie not for the small iiregulaiities already mentioned 
it would be possible to calculate the refi activities of the two gases 
from the ratio of the pressures at which light travelled with equal 
velocity in each of them In order to eliminate these errois it is 
necessary to make the compaiison at a second pressure as different 
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fioiii the hist <is possible The leseivou of the manoinetei 
containing the gas of low leli activity is now lowered as far as 
possible, the othei leseivoir being lowered simultaneously, and a 
second set of adjustments aie made In lowering the reseivoiis 
theie IS some danger of mistaking the bands which should corre- 
spond This difficulty may be got ovei by lowering both leservoiis, 
so that no gieat displacement ever occuis The difficulty becomes 
much gieatei with heavy gases, when a gieat number of bands 
pass acuoss the held loi a small change of pressure 

Fioin the diffeiences between the lesults of the two sets of 
leadings the leti activities may now be dnectly calculated 

If and pi, are the piessuies aftei the hist adjustment, and 
and y//, the pressuies aftei the second adjustment, 

V (t ~~ Pf( _ 1^ 

P h ~ Pb pa 

Tilt' ^iandatil —If the lelative value of the lefiactivity of the 
gas lies between 0 5 and 1 4, one manometei is hlled with an 
In measuimg the lefi activities of gases, such as helium oi neon, 
some ditiiculty was expeiienced, as it was necessaiy to lowei the 
piessiii(‘ on the <ni coiibideiably m ordei to lamg the bands into 
])osition on the held, and unless the manometei tulies weie very 
long it was found to be impossible to ol)tain a second set of 
leadings dilleimg gieatly hom tlio hist It was found to be 
moit‘ ('onvimient to nuMsiue the lefi activities of these gases 
against hydiogtm, and to deteimmc the constant for that gas 
ag<imst tin by a siihseipient seues of measuiements 

Ilrf)aetivd)f of axpn in toms of (m as nnity — The pressure 
diheiences <u'e e\piess(‘d in imllimeties of meiciny — 
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The follo\\iiig \alues weie obtaiiicHl ioi tlie lelKietivitu^s ol tlu^ 
pimcipal gases — 


All 

H}diogen 

0\ygeii 


1 

I 000 ' 
0 t73 ^ 
0 02 J ‘ 


Nitiogen 

Neon 

Aigon 

Helium 

Kiypton 

Xenon 


1 OK) ‘ 
02510 > 
0 00 0 0 - 

0 12 58 

1 140 ’ 

2 50 1 ^ 


Id 64, 100 


^ Eims'i’^ 'ind ria\eis, /Ot?f liotj S(u , 62, 228 


Id 67, 5;U 
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Ilistoncal note— (Lises foi excinimatiou— Vacuum tubes and electiodes— Metliod ot 
lilluig vicuuin tubes — (Li^'btatuc obseivations — The spectionietei — Standaid 
lilies— The induction coil— Electiic dischaiges in ^vacuum tubes- The natuic of 
luminous spectia — Spec ha ol hydiogeu, helium, neon, aigon, hij-pton, \enon, 
me 1 Lilly, nitiogen, and the oxides ol caibon 

It tviis last noticed by Jluckei {Pog(j Ami, cvii 497) in 1859 
tint the intiUG oi the light emitted b} the so-called Geissler 
tubes tU‘pend(‘(l upon the gas with which they weie filled This 
obscuvutiou led to the application of the methods so successfull} 
emplojed by Bunsen (Uid Knschoff in the examination of solid 
Hubst<nKd‘s, to tilt' nivestigatioii of the spoctia of gases 

Gahcs /()} (\utn\uiah()ii — The juepaiation ot gases in a state of 
])uuty has uluMd) ])een dcsilt with <it length, tind it only leiuaiiis 
to add a lew leuuuks with legaid to ])iecaiitioiis to be taken if a 
gas IS lutcmded loi spt‘ctioseopie examination Since in a mixtuie 
ol gasi‘s the imtuie ol the spectium depends only within ceitaiii 
limits on th(‘ luopoition of the constituents present, and since 
ecu tain gasi‘s, siudi as the v<uious compounds of carbon, have a 
consKhuable lullueuee even when pieseiit in minute cpiantity, it is 
cjss(uitial that the piocess(‘s of prepaiation and purification shall 
he so sidecded that those substances aie entiiely absent Fiiither, 
il the examination is conducted witli a view to deterimning the 
natiiie ol a i^luuuically inactive lesidiie (helium, etc) the gas 
should bi^ pievioiisly spaiked with oxygen (p 104), and the 
oxyg(ui subse([iiently lemoved by means of ])hosphorns 

Facy tm -tubes — In oulei to obseive the spectrum the gas is 
intioduced inlo an exhausted tube at a pressure of 2 to 3 mm 
Under the influence of the clectuc discliaige, produced liy con- 
necting the secoudaiy terminals of an induction coil with the 
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electiodes which aie fused into the tube, the gas emits a chaiacter- 
istic glow which is analysed by means of the spectroscope 

The tubes, commonly called Pluckei tubes, which aie used to 
contain the gas, aie shown m Fig 126 In a the capillaiy poition 
of the tube, which should have an inteiiial dianietei ot about 
1 mm, is sealed to two widei poitions containing the electiodes 
which lie in the axis ol the tube When in use tlie capillaiy 
portion ot the tube is placed opposite and parallel to the slit ot 
the spectroscope The tubes h and ^ are so eoiisti acted that when 
placed opposite to the slit the axis of the capillary lies iii the line 
of collimation By this means the intensity of illunii nation is 
much increased In c the tube is closed by a quaitz plate 
which IS cemented to the end of the tube which is giound (lat 


a 



b 







The object ot the quaitz plate is to admit of the passage ol ultra- 
violet lays, to which glass is opaque, and which can only be 
detected by photographic methods In these “ end on ” tubes the 
capiUaiy is often flattened 

The electiodes which pass inside the tubes may be eithei of 
aluminium 01 of platinum, piefeiably of the forrnei, sealed into 
the tube by means of a little lead, glass, or enamel It platinum 
electrodes aie used they can be easily introduced in the following 
manner The different stages ot the operation aie shown in 
Fig 121 A piece of platinum wire about 2 5 cm long is bent 
into a loop (a), and while held 111 the forceps in tlie blowpipe 
flame, a stick of enamel is melted, and drawn round it so as to 
leave a bead ot the mateiial on the wire close to the loop, the 
wire is also thinly coated with the enamel foi about half its length 
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(b) The wide poitioii ol the vacuum-tube, pieviously sealed to 
the capillaiy, is then diawn to a point, and the point is heated in 
the flame and blown out so as to leave an opening lather smaller 
than the knob of enamel on the platinum wire (c) The wiie is then 
placed in position, and the end of the tube strongly heated with 
a small flame till the glass and enamel aie thoioughly melted , 
the tube is then blown out and melted down a second time 
This opeiation should be lepeated several times, when the enamel 
should loim an even img about 5 mm wide round the wire (d) 
The side-tube should then be sealed in position, and the second 
clectiode iiitioduced 

Platinum electrodes aie little used, especially if the tubes aie 
to 1)0 nmcli used, as they become very hot, and the platinum 
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volatilises undin the influence of the dischaige This would of 
itself bo uinm])oitant, but for the fact that the metal, which is 
deposited on the walls ol the tube, is m the amoiphous condi- 
tion at the moment ol deposition and able to absoib ceitain gases, 
paitnniLulv helium Alutmmum, on the othei hand, although it 
too IS volatili* to a ceitaiii extent in the inactive gases, does not 
<ippiMr to <il)Soil) them so quickly, though it completely absorbs 
tiac(‘s of nitiogen, oaibon monoxide, etc 

An idumnmim oh^ctiode is made by heating the end of a 
))ie(ic of aluminium wne in a flue blowpipe flame, and when it is 
just melted bnm>ing it into contact with a piece of platinum 
wne e, a tiacc ol pine gohl on the jilatiiium facilitates the union 
of the two mcTals The platinum wire is then cut to the right 
length, bent and (‘oated with enamel foi the greatei pait of its 
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length, leaving a knob of enamel near the loop (J) In older to 
completely piotecfc the platinum a short piece of thin glass tube 
IS slipped ovei the aluminium wiie, so that this (‘oveis the 
junction and reaches nearly to the knob of enamel ((/) Jiy lieating 
in the blowpipe flame the enamel and glass aie sealed togcdhei (//), 
and the electiode is sealed into position in the tube Recently I 
ha^e employed electiodes in which the aluniinmm wne is diilhMl 
through its whole length, and threaded with stout phitimim wiie 
Such electrodes, even should they become veiy hot, cannot fall 
against the side of the tube and ciack the glass 

It IS sometimes con\enient to use tubes witli one idatiniin) 
and one aluminium electiode, for on account of the inteimittenl 

nature of the discliaigi' fiom an 
ordinary induction coil only oiu^ 
electrode, the cathode, becomes 
stiongly heated Foi leasons 
which will bo given latei, the 
side-tube is placed at the end 
neaiestto the alumiiiuun electiode 
Method of filling mnnim-fiihch 
— The apparatus einjloyod foi 
this purpose is sliowii ni Fig 
128 The tube A is sealed to 
the mercuiy-puinp, with whieh 
the apparatus communicates 
through the stopcock B The 
vacuum-tube is sealed to the 
tube C, which contains phosphoius 
pentoxide confined between plugs 
of glass wool This tube is 
removed when the pentoxide is 
exhausted, and replaced by another 
freshly -filled tube The gas is 
introduced through the syphon 1 ), 
and if the apparatus is eon- 
stiucted as in the figiue theie 
will be little dangei oi pellets of 
mercury being cained into tlic 
pentoxide tube oi into the tube leading to the pump 

The apparatus is fiist thoroughly exhausted, and merciuy is 
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diawii mto the syphon to the level of the top of the stopcock by 
laisiug the txongli (p 2b, Fig 28) till the point is below the 
suitace of the lueicniy, and opening the cock JJniing the latter 
stages oi the (‘\h<uistion the vaenuni-tube is heated with a Bunsen 
hiunei, and a ^^tioug elecdiic dischaige is passed between the 
electiodes, winch <u(‘ attached to the teiminals of an induction 
cod The diiection of the dischaige, which is uiiaimiLtcnt (]) 309) 
in clhuactei, should be leveised eveiy two oi thiee innmtes to 
eiisuie that l)oth (dectiodes aie thoioughly heated The spectium 
of the last tiaces of gas in the tube will piobably be that of 
hydiogen, piotluctMl nnunl} by the decomposition of the watei 
diiven oil horn the glass by the action of heat The heating 
and exhaustion aie continued till the glass begins to glow 
with a biilhant vellow-<gieen ])hos])hoiescence, or till the dis- 
chaigt‘ will no longer p.iss between the electrodes inside the 
tune 

With <diiiniimun ele(daod(ss the dischaige must be passed 
ioi a longei tinu‘ than d idatinum electiodcs <iie used, as the 
inebil appeals to givt‘ oil hydiogen <is it liecomes hot With 
iilunnniiiin td(‘('tiodes then^ is, howevei, the advantage that tiaces 
of nitiogini <uid eaibon compounds ate lapully absoibcd l)y the 
inebd Foi this itsison it is not unusual to employ a single 
aluminium eh‘eti()di‘, tlu^ othei Ixung ol platinum The aluminium 
electiode is <dways ])la(*ed at tlui toj) <nid (‘onnected with the 
cathod(‘ tmanmal ol thi‘ ('od when the tube is in use, lor d it 
should then hei'oim* hot and melt it will not fall against the 
side of the tulu* and (uack the glass 

It IS sometmi(‘s extiemely ddlicult to icmove carbon dioxide, 
etc, fioin the tiilx* by simjile exhaustion, in this case a little 
an should be admitted <uid tlie tube le-exhausted 

Wlum thi‘ (‘xhaustiou is com])]eted the stopcock B is closed, 
<ind tlu‘ tul)(‘, containing the gas to lie examined is bioiight ovei 
the uptmiied mid ol tlie syphon in the meicuiy-tiough The 
stop(M)ck IS Ihmi turm'd so tliat the gas entcis the syphon, driving 
th(‘ meiiuiy into F, and linally passes into the ajiparatns The 
(piantity ol g<is which entius the appaiatus can easily he legidated, 
and 111 <i(I)usting tlu‘ ])iessuiv so as to pioduce the best effect the 
<lnc(d vision spixitiosiiopi^ is hiought into use Tlie vacuum-tube 
IS stsihsl tioni tlu‘ a])i)auitus by beating the capillaiy tube with a 
fine blowpipe Ilame Almcuiy is then <hawn into the syphon, and 
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the lemaining gas is removed fioni the appaiatus thiough the 
pump and collected 

If the gas contains traces ot mtiogen oi oxides of caibon, 
tlie impunty is rapidly absorbed by the aluminium electiode 
when the tube has been in use for a shoit time 

If a nimibei of specimens of gas are to be examined quali- 
tatively with the diiect-vision spectroscope they may be mtioduoed 
one after the other into the same tube, which is meiely exhausted 
between each operation Care must be taken that the syphon m 
filled with meicury befoie a new sample of gas is mtioduced 

Meicmy lajpow %n 'DaGiiuTii-tiibes — When an appaiatus ot this, 
kind has been in use for some time, it is frequently found that the 
spectrum of the gas introduced into it contains the gieeii and 
yellow mercury lines This is very marked among the gases ot 
the helium group, particularly the heavier membeis, but thouglr 
it depends to some extent on the gas, it is chiefly caused by small 
particles of mercury being earned through the whole appaiatus 
and volatilised by the heat geneiated in the tube 

The introduction of mercuiy vapoui into the tube ma> be 
partially prevented by introducing at the end of the tube E a tube 
filled with gold-leaf In older to retain all tiaces of meicinj 
Aapour the following method has been used with success A 
tube of about 20 cm long and 1 cm in diameter is packed with 
layers 4 cm long of the following substances — 

(i) Silvei foil 

(ii) Sulphur 

(ill) Iodine 

(iv) Sulphur 

(v) Silver foil 

The tube is mtioduced between the pentoxide tube and the 
vacuum-tube It is somewhat difficult to exhaust through it oir 
account of the vapour pressure of the iodine When it is not in 
use air should be admitted to the apparatus m order to diminish 
the rate of diffusion of the iodine and consequent w^asting of the 
tube 

QuahtaUve dbsei^ahons — For qualitative observations it is con- 
venient to employ the prismatic combination of a direct-vision 
spectroscope, without slit or lenses If the capillary of the 
vacuum-tube is narrow the lines will appear very sharp and 
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bulliant lor obseivatioiis on the nature of the glow louiid the 
electiodes lu the tube a spectroscope wuth slit and lens must he 
used 

Tlu spectwmete 7 — Although with a little piactice it is 
possible to lecogmse the spectra of the principal gases, and to 
detect the piesence of two 01 moie gases in inixtuies without 
lefereiice to a scale, it is often necessary to obtain moie con- 
clusive proof of the identity ot a line 01 of its position in the 
spectiuin hoi this purpose it is necessary to employ eithei a 
spectroinetei, in which the deviation of the line may he diiectly 
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oliserved, or a spectro-photonietei The latter instrument is for 
many reasons always employed when a number of accurate 
measuxemcuis axe required , space does not, however, permit of a 
description of the methods of spectio-photography It is possible 
to xneasure the wave-length of a line to the nearest Angstrom 
unit, one ten-millioiith of a millimetre, by means of a spectio- 
metei with a 20 cm circle and a prism of high dispersive power 
Since, howevei, the accuracy of the results will depend m a gieat 
measure upon the structure and manipulation of the instruments. 
It may he well to mention the moie important points to he 
attended to 
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The instillment should be built upon a solid cast-iron stand, 
which can be levelled by means of sciews lestmg on countei- 
simk plates The sciews should be at least 1 cm in diameter, 
and should fit accurately into then sockets The veitical pillar 
suppoits the divided ciicle, 20 cm m diametei, and 1 cm in 
thickness The ciicle may be divided on its hoiizontal oi veitical 
suilace, pieferably on the lattei In either case the acciiiacy is 
the same, but the veitical divisions have the advantage that they 
can be lead by means of a hoiizontal niicioscope, and that the 
veiniei giaduations lie in the same plane with them , graduations 
on a bevelled surface are not to be recommended 

The prism-table should be laised as little as possible above 
the circle It should be capable of being rotated about the 
vertical centie of the instrument by a pinion working into a rack 
on the edge of the table An aim projecting from the table cariies 
a veuiier, by means of which the position ot the table can be 
determined 

The tube, which caiiies the slit and collimating lens, is 
usually attached to a support rigidly fixed about the zero ot the 
ciicle The support must be so constructed that the collimator 
IS capable ot slight horizontal and vertical adjustment, and is at 
the same time rigid and free fiom vibration Both the telescope 
and collimator should be carried on their suppoits in diaw-tubes, 
into which they fit well but easily, and are secured by clamping 
sciews It should be possible to remove the telescope, and 
replace it without altering the leading of the instiument 

The telescope is supported on an aim capable of free rotation 
about the vertical centie, so that its axis may be made to coincide 
with the axis of the collimatoi The aim carries a veiniei l)y 
means of which the position of the telescope with regard to the 
divided circle is determined Spectrometer ciicles are often pio- 
vided with two veiniei s, but if the instrument is well made the 
eccentricity, which the second vernier is intended to correct, is 
negligible The telescope can be moved into position by haiuk 
The final adjustment is made by means of a micrometer screw 
attached both to the rotating arm and to a block, which can be 
damped at will on to the edge of the ciicle in any position The 
screw should be of low pitch, and it should be possible to take up 
wear 

Considerable difficulty has been expeiienced in constructing 
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a telescope support so that it is quite free liom veitical motion 
J.U the best spectiometers the telescope aim is pivoted on the 

Stan -pillai, which it gups foi a considerable section of its 
iieiglit 

Ihe collnnatoi and telescope each cany an achromatic plano- 
convex lens of 25 to 30 cm focus, the shoitei length is the 
luoie convenient for ordinary use The slit is carried at the end 
or a shde-tube which has a rack and pinion adjustment The 
silt Itself should be made of some non-corroding metal , one jaw 
should be fixed, and the other capable of adjustment by means of 
a nnciometer screw , the two components are kept apart by a 
spring In order to reduce the vertical width of the slit a shuttei 
with a V-shaped slot in it is made to slide ovei its first suiface 
A small right-angle glass prism, which can he adjusted so as to 
cover half the slit, serves to throw light from a source at the side 
down the tube 

The eyepiece, which is used eithei for comparative ohseivations 
or for measurements of angular deviatron, must contain a spider 
line 01 pointei 111 its focus, which must be brought into coincidence 
with the line under obseivation If the line is a faint one it is 
almost impossible to determine when the cross-wire 01 pointer is 
exactly over it, hut the difficulty can be oveicome by employim- 
an eyepiece in which the pomtei is illuminated fiom a separate 
source ibr couvcmence 111 ad)ustrng the instrument the needle 
may be made to move across the field by means of a screw 

J/d/tod of using the 'specti oscope ~ld%[oiQ the telescope is 
placed in position it sliould be focused foi parallel light by 
obseivmg some distant luminous object, preferably the°moon 
Since it IS necessary to alter the focus of the telescope in observ- 
ing lines in different parts of the spectrum it is convenient to 
have the tube which carries the eyepiece graduated in millimetres, 
so that a jiortioii can at any time be recovered The telescope 
and colliiiiator are placed opposite to one anothei , the slit is 
illuminated by means of a sodium flame, and ad)usted so as to 
olitaiii the sharpest image The tubes are then adjusted 111 the 
liouzontal arid vertical position till their two axes exactly coincide 
111 this operation the slit should be reduced by means of the 
horizontal slide to a luminous point, and its image should occupy 
the centre of the field of the telescope The position of the 
telescope sliould be lead off on the circle and noted 

X 
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Each piisin should be permanently fixed to a stand lesting 
on three levelling-sciews The points of the screws should lest 
111 the radial slots which aie cut in the suiface of the piisin-table, 
so that the piism can be lemoved and leplaced in its oiiginal 
position If it IS necessaiy to place the prism somewhat to one 
side of the prisin-table one of the screws may lest in one of 
the slots, one on the surface of the table, and one in a small hole 
drilled specially to receive it 

The piism is then adjusted to the position of mminiiun devia- 
tion by moving the telescope and piism-table , the positions of 
both are carefully noted Eor visual ineasuiements ol wave- 
lengths it IS sufficient to make the adjustment foi the middle of 
the spectium, the hydrogen F line If the piism is not placed 
in the position of minimum deviation, except foi perfectly paiallel 
light, the lines will be doubled, or at least binned 

Aftei placing the piism in the position of minimum deviation 
a furthei adjustment of the collimator may be made by Schuster’s 
method {Phil Mag , 1879, 7 , 95) The prism is placed in the 
position of minimum deviation, and the telescope is so ])laced 
that the cioss-wire lies slightly on the moie refrangible side of 
some clearly defined line, such as the D line Theie will thus bo 
two positions of the prism in which the hue will coincide with 
the cross-wire The prism table is first turned in the opjiosite 
diiection to that in which the telescope was pieviously moved, till 
the line coincides with the cross -wne the telescope is then 
adjusted to the focus The prism is thus moved to the second 
position in which the line and cross-wiie coincide, and the focus 
IS again obtained by adjusting the position of the slit These 
two operations are repeated till the line appeals m focus foi both 
positions of the prism This method has the advantage of adjust- 
ing the instrument for parallel light foi a much wider laiigc of 
the spectrum than is possible by the ordiiiaiy method 

Com^anson of Sped') a — If the spectra of two gases aie to 
be compared m older to detect the piesence of coincident lines, 
one vacuum-tube is placed directly in front of the slit and the 
other at the side, so that the light is thrown into the tube by 
means of the small right-angle prism, which is adjusted so as to 
cover half the slit The spectra are seen in the telescope exactly 
superimposed, and by making the cioss-wiie coincide with them it 
IS easy to determine the piesence or absence of coincident lines 
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It IS also possible to compaie the lines in the spectra of two 
gases by placing the tubes m turn before the slit and adjusting 
the cross-wire or pointer to the line in question 

In ordei to determine the deviation of any line the telescope 
is ad] listed so that the line coincides exactly with the spider line 
01 with the bright edge of the pointer In making the adjustment 
the tangent sciew should be released from the cixcle, and the 
telescope moved by hand till the coincidence is almost exact , 
the hand dionlcl he placed on the bnppoit tlohc to the circle and not 
on the tide The clamp on the fine adjustment is then made fast, 
and the pointei bi ought exactly into position The position of 
the telescope is then deteimined by means of the ciicle and 
verniei 

Micwmctc') bC7eia eijepieres are sometimes used 111 the 
detei nil nation of small differences of wave-length, but since it 
IS much easier to make accuiate measurements by photographic 
metliods these instiuments do not possess any great advantages 

Fiom the deviation obtained from the veiniei reading it is 
possible to detei mine the wave-length 01 oscillation fiequency of 
the line undei obseivation by leieience to a cuive obtained by 
jdotting on luled l)apei the values loi known lines against the arc 
leadings of tlie s])ectioscope A cuivc lepresentmg oscillation 
fiequeucies is by fai the most convenient, as it approaches much 
nioie neaily to a stiaiglit lino , the wave-lengths can be deteimined 
iiom tlio wave fiequeucies by lefeience to a table of reciprocals 
The hues on tlie spectra ol the gases argon, helium, hydrogen, and 
of the va])oui ol lueicury covei a considerable range, and the gaps 
may be Idled in by the lines in the arc spectra of certain metals 
The lollowmg list of lines will serve for the calibration of an 
instrument vithm the limits of the visible spectrum, that is to 
say for ladiatioii of wave-length between 7600 and 400 O'* tenth- 
metres 

hitaiuhmd wai e-lowjtJis — To eliminate errors which might be 
introduced tluough the use of different absolute standards of 
length it IS usual at the present time to refer all wave-lengths to 
Rowland’s shindard Rowland’s scale of wave-lengths differs 
from that of Angstiom, and it is necessary to apply to the latter 
a correction varying from 1 7 units for the B line downwards 
Rowland’s wave-lengths are expressed for air at 20^^, they may be 
corrected to vacuo by reference to a table 
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Standapi) Lines employed in Calibpation 


E 


I T 


F 

T 

T 

S 

F 

F 


F 

T 

T 

S 


s 


s 

T 

T 

T 

S 

T 

T 


Potassium 
Solai A 

Aigon (led pan) 

Solar B 

Lithium 

Helium 

Hydiogen C 

Cadmium 

Lithium 

Sodium Di 


1 


76Q<I 3 
7665 6 
7607 <s 
7066 6 
6961 cS 
6870 2 
6708 2 
6677 
6568 1 
6438 8 
6103 8 
5806 16 


Sodium D, 
Helium 

Meicuiy 

Coppei 

}j 

Argon 

5) 

3 J 

Meicuiy 

Argon 

Cadmium 

J > 

Coppei 

3 3 


3 3 

Cadmium 
Helium 
Hydiogen ¥ 
Helium 

Cadmium 

Helium 

Cadmium 

Helium 

Cadmium 


5800 10 
5875 9 
5790 5 
5769 5 
5782 30 
5700 39 
5651 0 
5607 1 
5550 0 
5406 2 
5461 0 
1 5452 0 

1 5370 3 
I 5338 6 
1 5202 75 
I \ 5220 28 
I 5218 45 
5153 40 
5105 75 
5081 
5015 73 
4861 5 
4922 10 
J 4790 
I 4677 
4471 65 
4416 
3888 78 
3611 


1\1( ISUK (1 — 


Powlmd 

Edei and Valeiiia 
Rov\land 

Ruiigc and Paschcii 


Mean of d(tei munitions by 
Angstiom, Tliihn, kiulbauin, 
Mullei and kempt, Pieioe, and 
Bell , taken by llovvland as his 
standai d 

Runge and Pasihcn 
Edei and Valeiita 
Rowland 

3 3 

Edci and Viiknta 


(pan) 


Rowland 


33 

Edci and Yaluita 
Runge and Pas( hen 
Rowland 

Runge and Paschon 
Eder and Valeuta 

Runge and Paschen 
Edei and Vakiita 
Runge and Paschen 
Edei and Valeuta 


Abbie\iations T, vacuum tube , S, spaik between cleotiodes of the metal , F, 
name spectrum ’ 


The induction coil — Lor the production of spectia, for spaiking 
gases with oxygen^ etc , an induction coil, capable of giving a six- 
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inch spailv, should be employed The coil should be a good one, 
by Apps, Newton, 01 some well-known makei , cheap coils quickly 
wear out, and owing to the breaking down of the insulation of the 
secondary circuit soon cease to be efhcient The coil should be 
kept dry and fiee fioni dust, and caie should he taken that the 
platinum contact-pieces are in good condition , when they become 
lough they should be caiefiilly filed 

An Apps coil giving a six-inch spark in air works well with 
foul acciimulatoi cells in series The secondary discharge is of 
an Intel mittent natuie, the effect produced at the cathode, the 
legion of maximum disturbance, being diffeient from that produced 
at the anode The intensity of the secondary discharge may be 
regulated by adjusting the tension on the spring of the armature 
by means of a screw The adjustment should not be made by 
means of the contact screw, which should only be moved in oidei 
to take up wear on the platiiiunr contact-pieces 

ihe alternating cm rent may be used with effect in sparking 
gd^es with oxygen, and in jnoducmg brilliant spectra with vacuum- 
tubes Ihe terminals of the piiinaiy coil are connected through a 
lesisbince, so as to reduce the current to about five amperes, with 
the leads from the mam, and the armature is screwed up so as to 
1)1 ing the contdct-piecc's togetliei On turning on the current the 
cod (milts the well-known ‘niansfoimei hum,” and an alternating 
cun out of liigli intensity is jiiocluced in the secondary coil If 
tile spaik-points are hiought close together an electiic flame is 
])iodiu*(Ml hetweeu them , this flame is very efficient 111 effecting 
the comliinution of oxygen and nitrogen Since the secondary 
dischaige m a vacuum-tube is m this case tiuly alternating, no 
diffeuaiee is ohseived at the two i)oles, and both electrodes become 
e(iually heated 

A renuukable change in the natuie of th(^ discharge, and 
cons(‘(juently in the nature of the spectra, is produced by the 
lutioduction of a Leyden-jar and spaik-gap into the secondary 
circuit The eff(‘ct is to produce an oscillatory dischaige of high 
intimsity The outer coating of the jai is connected with one 
teiminal, ilic inner coating with the other, and the spaik-gap is 
jilaced in circuit with the tube The width of the spark-gap may 
v<iry between one and seven millimetres, and should be adjusted 
so as to produce the inaximuni effect 

Luminom sped) a may he divided into two classes bright 
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line spectia, in which the luminous legions aie sliaiply clehned at 
the edges, and coriespond to light of definite vibiation fiequency , 
and band spectia in which the legions of inaxinium and niinimiim 
intensity shade off into one another Band spectia usually 
consist of a numhei of bright lines close together 

There appears to be no direct connection, at least so far 
as IS at present known, between the natuie of a gas and its 
spectrum, for it cannot even be assumed that a simple l)iight 
line spectrum necessaiily indicates a simple moleculai struc- 
ture Ceitain relationships have, howevei, been found to exist 
between the vibration fiequencies of the lines in the spectia 
of individual gases, as in the case of helium by Bunge and 
Paschen (p 311), and also between the spectia of substances 
closely allied 

The nature of the spectrum of any gas depends upon the 
conditions under which it is pioduced, and may be considerably 
influenced by the nature of the electiic discharge in the tube, by 
the piessure under which it is confined, and by the presence of 
othei gases The nature of the discharge between the secondary 
electrodes of an induction coil, and the effect of intiodiicing a 
Leyden-] ar and spaik-gap into the secondary circuit, has already 
been referred to, and by means of this arrangement veiy striking 
changes can be produced in the spectra of certain gases such as 
argon and xenon The spectrum of helium undergoes a change 
when the pressure is altered under a pressure of 5 nira the 
glow emitted by the gas is yellow and the line of maximum 
intensity is D^, 5876, when the pressure is reduced the glow 
becomes green and the line 5016 predominates The effect of 
Xoressure on the spectrum of a mixture is very marked , helium, 
for instance, is entirely obscured by nitrogen at high piessures, 
while at low pressures only the helium is visible 

The prism spectra of certain gases have been specially 
photographed for this book, and are reproduced on the accom- 
panying plates I am indebted for these photographs to Mr 
E C C Baly and Mr Mees 

The principal hnes in the spectra of the elementary gases are 
given in the following tables Euller lists will be found in any 
work on spectroscopy, or in Watts’s Index of S'pecti a 

Eyd') ogen — The spectrum of hydrogen contains the following 
lines — 
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A = 656|T 
4861 5 
4340 7 
4102 8 


The so-Ctilled secondary spectium of hydrogen consists of a 
vast uninher of fine lines filling the whole of the spectrum It 
IS ceit<iiu that absolutely pure hydrogen is very difficult to obtain, 
hut whethei the secondaiy spectium is due to hydrogen at all is 
still a moot point 

irdimn — Undei the mtiuence of the intermittent discharge 
the si)6ctrum ol the gas contains the following lines — 

70^)0 (Not couicident with argon, Kayser, Ghem Neiob, 1895) 

(>C77 

’>875 9 (B 5 , weak component 5876 2) 

5048 (Easily masked by impmities) 

5015 6 
1922 
1713 
1172 

At T-8 luilliiiicties pie&sme the coloiu ot the glow ni the 
iiiibe IS liiilliantly yellow, and the hue Dj reaches its mai.imu.in 
mtensiti On ledncmg the pressure, the intensity of 5015 6, 
tlu* git'cu line, lucieascs, and at 1-2 mm the tube emits a 
hulliant giocii light , this only happens when the gas is pure 
'riiih pheuomonon led lliinge and Paschen to believe that they 
liitd ellbcted a sepai<i.tion of helium into two substances which 
weie eliaiaoteiisod by the lines 58’75 9 and 5015 6 lespectively 
The hue 7055 disappear when the jar and spaik-gap are 
iiHCHl , the spectrum is not, however, otherwise affected, only 
becoming latlier less brilliant 

I a the pi esence of othei gases, paiticularly those like nitrogen 
which give a compound spectrum, the helium lines are most 
easily distinguished when the pressure is veiy low , the green 
line (5016) is usually the most brilliant (P^msay and Collie, 
iVoc 7/m/ 59, 258) (see Fig 130) 

jSfeon — The lines in the spectrum of this gas lie foi the most 
pait within the led area , these are strong and brilliant, as is also 
the yellow line 1)5 (5852 6) Theie are also strong green lines 
The <dow lu the vaciinm-tuhe is a red-oiange, which becomes rosy 
* if much helium is present in the gas , the presence of this gas is 
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most easily detected by means of the gieen line 5010 The 
spectium of neon is ■weakened^, but not changed when a Le}(l(‘n- 
jar and spaik-gap aie introduced into the secondaiy ciiciut The 
wave-lengths of the lines have been measured by Mi Ikily hy 
means of a Eowlands giatmg 

A'^gon — The spectium of aigon is veiy complex in chaiaetei, 
and undergoes a striking change when the nature of the dischaige 


IS altered Witli the intermittent dischaige the 


glow 


in the 


tube is led, and few blue lines appear in the spectium , with an 
oscillatory discharge the glow is blight blue, the red lines in tlu^ 
spectium disappear, or become faint, and many new gieen <nHl 
blue lines appear, when the gas m the tube is at low piessuie 
it usually gives a mixture of the two spectia With a Tesla 
dischaige the glow becomes neaily white and a spectium akin to 
the blue spectrum appears, while on the othei hand by p<issiiig 
an alternating curient of low voltage thiough the piimaiy cncuit 
of the induction coil, the led spectium is pioduced with the line 
6964 8 strongly intensified It appears thou that the led and 
the blue spectra aie themselves capable of luither modification 
(Kajser, Beihoi Alad , 1896, Eder and Valenta, Wunv) Ahad , 
1896) 


Red Spectrum 
7056 6-1 Very bright 
6964 8-1 uair 
6752 7-1 -p, \ 

6676 5-1 r"" 

6415 2 Strong line 
6212 5-1 

6172 9- 


Famt pair 


Blue Spectium 


6172 3 Weak line 


6033 7 
5912 5-j 
5889 0-1 
5739 9 
5651 0— 
5607 4 
(5572 9) 
5559 0 
5496 2 
5451 9 
(5421 7)- 
5253 8-, 


Stiong line 
Fairly stiong 
pair 

Faiily strong 


Group 
containing 
five strong 
lines 


o221 6 Group of 
5187 5 four lines 
5162 6- 


6114 1 „ 

6033 7 Strong line 


5739 9 
5651 0- 
5607 4 

5559 0 
5496 2 
5151 9- 


Fairly stiong 

Lines much 
weaker than 
in red 
spectrum 


5253 1 
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The lines lu tlm blue pait of the speetium can only be 
accuiately identified by direct compaiison, or by photographic 
methods (see Fig 130) 

In the piesence of small quantities of nitiogen the argon 
spectrum is invisible In such cases the spectium is moie easily 
seen when the pressure is low and the ]ar discharge is employed 
Knipton — Like helium and neon the spectium of the gas 
IS independent of the natuie of the discharge The lines in the 
red aiea are few, but blight and distinct The yellow line, 
5871, and the gieen line, 5570 5, are by far the most biilliant, 
and like the meicuiy line, 5461, they are distinctly visible when 
the gas IS only piesent in minute quantity 111 a mixture These 
lines are probably piesent ui the spectium of the aurora-boreahs, 
though this lequnes confirmation, and also in the spectrum pro- 
duced by the passage of an electric spark thiough liquid air 
The glow in the tube is yellow-gieen (see Fig 130) 

Xaion — The spectium ot this gas, like that of aigon, under- 
goes a change when a Leyden-jar and spark-gap is introduced 
into the sccondaiy ciicuit, but of an inveise order With the 
intermittent disehaigc the glow is blue and the lines 111 the red 
and green paits of the spectrum are few and faint With the 
jai and spaik-gap the glow becomes green and very brilliant, and 
the spectium, which is very complex, contains many green lines 
(see Fig 130) 

Hdlidci of caiion and sAeon — The line spectra of these 
gases aie leinaikably bnlliant The wave-lengths of the lines 
will be found in Watts’s Jnd&t of Spectra 

Meicuiij — The spectrum of meicury, like that of krypton, 
IS visible in the presence of traces of the substance only 
Vacuum-tubes when newly filled with the raie gases, particularly 
those ot highei atomic weight, almost invaiiably give the spectrum 
of meicury In a short time, however, the mercury appears to 
be absorbed by the electrodes, and the lines of its spectrum 
disappear 

Lines 111 the spectrum of mercury (Kayser and Eunge) 

54610 
4358 6 


5700 5 
5769 5 
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Banied spectia, — Oxygen, Nitiogmi, Oxides of cation 

It la impossible to enter on a description of the spectra of 
the substances mentioned above, or the changes which they 
undeigo nndei varying conditions A very brief account of their 
geneial characteristics must suffice 

Oxijgen — The whole spectium of the light from the capillary 
portion of a Plucker tube is faint, and consists only of some lines 
in the red and a numbei of indistinct bands extending through 
the blue portion of the spectrum The glow in the tube is 
yellowish, and persists after the dischaige has ceased to pass 

The presence of oxygen considerably weakens the intensity 
of the spectra of such gases as helium , the visual spectium of 
air IS, however, identical with that of nitrogen 

Nitiogen — The brilliant banded spectrum of the light from 
the capillary portion of a Plucker tube is very characteristic but 
difficult to describe The accompanying photograph gives a 
good idea of the position and form of the bands (Fig 131) 

Oxides of cation — There appeals to be some confusion between 
the spectra assigned to the two oxides of carbon, and many 
physicists have assigned to the dioxide, CO„ the spectrum winch 
IS probably due to the monoxide, CO, and which may sometimes be 
produced by the decomposition of the former under the influence 
of the dischaige, or in contact with the heated electrodes m the 
vacuum-tube The tiue spectrum of pure CO is practically 
identical with the so-called Swan spectrum of the luminous gas 
flame The spectium ol CO^ is much less shaip, and contains 
fewer bands The matter has recently been made the subject of 
an investigation by Smithells (PJnl Mag, 1901, 1 , 476) 




C-iibon dioxide 





APPENDIX 


Mpitiiobs of maintaining a Constant Temperature 

The simplest metliod consists m surrounding the apparatus with a 
melting solid, so that the liquid produced is continually removed, or 
the mixtuie of solid and liquid is well stirred As a rule ice only 
IS employed, hut other solids, such as naphthalene (M P 80 06), and 
ceitaiii s<ilts at their tiansition points, may be employed (Richards and 
Ohmdiill, Ihoo Jmei Acad , 1899, 34, 277 , Richards, Zeit Fhfs Chem , 
1890, 26, 090, Chappuis, Le^ Echelkb Puihgiies, 1900, 17) 


Ti<MP 1' HATUllES ON Till- NoRMAL SCALE (p 149) 


Ue 

Meicury 

Na ,OrO^10ri,O 

Na^.SO ^1011,6 

NaoCO^lOHoO 

Na>,()/)II,0 

NaBi^IRO*^ 

MiiCl>lll,0 

SiOh,GIl,6 

NajPO^lSH.O 

Ba(OH),8H,b 


0 0 “ 
-38 80 
+ 19 85 
32 379 
35 1 
48 0 
50 7 
57 8 
61 0 
73 4 
77 9 


If ICO IS used in delicate experiments it should be made from distilled 
watoi , this IS not, however, important except m the case of 'instruments 
such as the Bunsen ice-calonmeter, which appears to be ^ff®«ted bj 
the change of melting-point consequent upon change of atmospher 

circulating water from the mam through a jacket surrounding 

the!jpaiLs (cWer VII), a fairly constant tempe^ 

maintained A rapid stream of water should be emp j , 
large quantity of water is allowed to flow ^5°“ ^ kmi 

service pipe beyond the point at which the 
off, vaiiations in the tempeiature due to draughts, 
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Any desired temperature may be obtained by passing tlie water 
through a coil immersed in a water-bath 

The whole apparatus can often be immersed in an Ostwald thermo- 
stat {Physico-Chemical Measuuments), which can be made foi the 
purpose out of a large beakei The temperatuie may m this way lie 
maintained constant within 0 1° C for some weeks Baths of fused 
salts, such as mixtures of sodium and potassium nitrates, well stiiicd 
by a mechanical stiirer, may be emplo;^ed in woiking at highei tem- 
peratures, Jena glass beakers must be employed m the lattci case 
The temperatuie of a pure liquid boiling under constant piessme 
lemains fairly constant, but there is often a tendency towaids supei- 
heating, as in the case of liquid nitrogen The tempeiatuie of the 

vapour IS usually more dehnite, 
jf^ but vapour-jackets can only ]>e 

d ■■ employed m the case of sul)- 

C stances which aie liquids at the 

normal temperatuie The folio w- 
jF ing veiy simple methods have 

been ajiphed by Eamsay and 
Young to the pioduction of con- 
stant and definite temperatuies 
^ above that of the atmospheic 

11 Fig 132 shows the appaiatus 

\\ employed in heating the bulb A 

\\ of a gas theimometei The 

Y ^ stem of the theimometei passes 

~ through a coik, which is coveied 

l>ya layei of meicury to piotect 
^ ^^^0 action of the liquid 

P y ^ which IS boiled in the flask B , 

OP I £ the vapour is condensed m the 

^ ^ egulate the pi essm e 

the apparatus is connected with 
/ ^ ^ flask of about two lities capa- 

/ \ oity, and with a manometer E 

( ^ I The pressure m the appaiatus 

V j oan be adjusted by means of an 

y air-pump connected with F 

^ I The temperature of the vapoui 

I in A IS directly determined from 
1 the observed piessure (p 319) 

Fig 132 It is very much more difficult 

^0 maintain a constant tempera- 
tuie by boiling a liquefied gas under a pressure considerably below 
the normal this may, however, be done in the apparatus described in 
Chapter X\ I The gas is first liquefied in the tube snrioundmg the 
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appaiatus to be cooled by immeising it in liquid air, and is then 
evapoiated by an exhaust pump, or by connecting the tube containing 
it with anothei immeised in liquid an The method is not, however, 
satisfactory unless a considerable quantity of liquid can be obtained 

Kaminei lingh Onnes has paid paiticular attention to the methods for 
maintaining liquid ethylene and othei gases at a constant temperatiiie 
His woik IS desciibed in the Fioceedings of the Amsterdam Academy 
(published in English), but involves the use of appaiatus which is only 
to be found in his own laboratoiy A simple calculation will indicate 
the size of the pump lequiied to evapoiate 500 c c of liquid air in an 
hour under a piessuie of 10 min 

If pute anhydious ether, contained m a large vacuum-vessel, is 
mixed with liquid an, it may be cooled down to — 120 C without 
becoming solid If the vacuum-vessel is a good one the temperature 
uses veiy slowly, and the bath may bo employed in the deteiminatioii 
of ciitical points, etc The bath should be stiiied by means of a 
rotating sciew, and the tempeiature may be doteimiiied by means of 
a gas or lesistaiice theimometei It has already been pointed out 
that the thoimo-electric couple gives veiy erratic lesults vhen used to- 
measuie low tempeiaturos 


Tables of Boiling-points 


(1) (Jaubon Discern 11 ) 1 * — Range lioni O'* to 50' 


T 

0" 

V 

127 9 

T 

13' 

P 

224 95 

T 

2b^ 

P 

374 95 

39° 

1 

133 85 

11 

234 1 

27 

389 2 

40 

2 

140 05 

15 

214 15 

28 

403 9 

41 

3 

14b 45 

lb 

254 25 

29 

419 0 

42 

1 

153 1 

17 

2b4 65 

30 

434 6 

43 

5 

160 0 

18 

275 1 

31 

450 65 

41 

b 

167 15 

19 

286 55 

32 

467 15 

45 

7 

171 b 

20 

298 05 

33 

481 15 

46 

8 

182 25 

21 

309 9 

34 

501 65 

47 

9 

190 2 

22 

322 1 

35 

519 65 

48 

10 

198 45 

23 

334 7 

3b 

538 15 

49 

11 

207 0 

i 24 

347 7 

37 

567 15 

60 

12 

215 8 

25 

361 1 

38 

576 75 



(1) 

EllIlL 

Al OOHOL — 

•Range hoin 40° to 79° 

T 

P 

T 

p 

T 

P 

1 

40 ' 

133 7 

60" 

220 0 

60° 

350 3 

70" 

41 

110 75 

51 

230 8 

61 

366 4 

71 

42 

148 1 

52 

212 05 

62 

383 1 

72 

43 

155 8 

53 

253 8 

63 

400 4 

73 

44 

163 8 

54 

265 9 

61 

418 35 

74 

45 

172 2 

55 

278 b 

65 

437 0 

75 

16 

181 0 

5b 

291 85 

66 

456 35 

76 

47 

190 1 

57 

305 65 

67 

476 45 

77 

48 

199 65 

68 

319 95 

68 

497 25 

78 

49 

209 b 

59 

334 85 

1 69 

518 85 

79 


(1) Regiiault, MLmo}ie%yo\ 2b, pp 394 and 349 , Ramsay and Young, 
Sol vol 17, p 610 


P 

59b 85 
617 5 
638 7 
bbO 5 
682 9 
705 9 
729 5 
753 75 
778 6 
804 1 
830 25 
857 1 


P 

541 2 
564 35 
688 35 
613 2 
638 95 
665 55 
693 1 
721 55 
751 0 
781 45 
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Tables of 

Boiling-points 

— ConUmced 



(2) Celoi>obi 

NZi-NL — Range lioin 70° to 132° 


T 

r 

T 

r 

T 

p 

1 

P 

70° 

97 9 1 

86° 

181 7 

102° 

312 5 

118° 

512 05 

71 

101 95 

87 

187 3 

103 

322 8 

119 

527 25 

72 

106 1 

88 

194 1 

104 

333 35 

120 

542 8 

73 

110 11 

89 

201 15 

105 

344 15 

121 

558 7 

74 

114 85 

90 

208 35 

106 

355 25 

122 

575 05 

75 

119 45 

91 

215 8 

107 

366 65 

123 

591 7 

76 

124 2 

92 

223 45 

108 

378 3 

124 

608 75 

77 

129 1 

93 

231 3 

109 

390 25 

126 

626 15 

78 

134 15 

94 

239 35 

110 

402 55 

126 

643 95 

79 

139 4 

95 

247 7 

111 

415 1 

127 

662 15 

80 

144 8 

96 

256 2 

112 

427 95 

128 

680 75 

81 

150 3 

97 

265 0 

113 

441 15 

129 

699 65 

82 

156 05 

98 

274 0 

114 

454 65 

130 

718 95 

83 

161 95 

99 

283 25 

115 

468 5 

131 

738 65 

84 

168 0 

100 

292 75 

116 

482 65 

132 

768 8 

85 

174 25 

101 

302 5 

117 

497 2 




(2) BkOMoiJENZiNE — Range lioni 120° to 157° 


T 

r 

T 

P 

T 

P 

T 

P 

120“ 

274 9 

130° 

372 65 

1 140° 

495 8 

160° 

649 05 

121 

283 65 

131 

383 75 

141 

509 7 

151 

666 26 

122 

292 6 

132 

395 1 

142 

623 9 

152 

683 8 

123 

301 75 

133 

406 7 

143 

538 4 

153 

701 65 

121 

311 15 

134 

418 6 

144 

553 2 

154 

719 95 

125 

320 8 

135 

430 75 

145 

568 35 

155 

738 55 

126 

330 7 

136 

443 2 

146 

583 85 

156 

757 55 

127 

340 8 

137 

455 9 

147 

599 65 

157 

776 95 

128 

351 15 

138 

468 9 

148 

615 75 



129 

361 8 

1 139 

482 2 

149 

632 25 





(2) Anilinp — Range tioin 150' to 185“ 



T 

P T 

P T 

P 

T 

P 

160° 

283 7 159° 

374 6 168° 

487 25 

177° 

625 05 

151 

292 8 160 

386 0 169 

501 25 

178 

642 05 

152 

302 15 161 

397 65 170 

515 6 

179 

659 45 

153 

311 75 162 

409 6 171 

530 2 

180 

677 15 

154 

321 6 163 

421 8 172 

545 2 

181 

695 3 

155 

331 7 164 

434 3 173 

560 45 

182 

713 75 

166 

342 05 165 

447 1 174 

576 1 

183 

732 65 

157 

352 65 166 

460 2 175 

592 05 

184 

751 9 

158 

363 5 167 

473 6 176 

608 35 

185 

771 5 


(2) Ramsay and Young, Journ Chem 

Soo vol 17, 

, p 640 
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Tables of Boiling-points — Continued 


(3) Quinoline — Kans^e fioin 180° to 240° 


1 

P 

T 

P 

T 

P 

T 

P 

180^ 

172 1 

196° 

272 2 

212° 

414 7 

228° 

612 1 

181 

177 b 

197 

279 7 

213 

425 3 

229 

626 6 

182 

182 9 

198 

287 4 

214 

436 1 

230 

641 3 

183 

188 3 

199 

295 3 

215 

447 1 

231 

656 3 

181 

193 9 

200 

303 4 

216 

458 4 

232 

671 6 

185 

199 6 

201 

311 6 

217 

469 9 

233 

687 2 

186 

205 5 

202 

320 0 

218 

481 6 

234 

703 1 

187 

211 5 

203 

328 6 

219 

493 5 

235 

719 3 

188 

217 6 

204 

333 7 

220 

505 7 

236 

735 7 

189 

223 9 

205 

346 4 

221 

518 1 

237 

752 5 

;i9o 

230 4 

206 

155 5 

222 

530 8 

238 

769 5 

191 

237 0 

207 

364 9 

223 

543 7 

239 

786 9 

192 

2n 7 

208 

374 5 

224 

556 9 

240 

804 6 

P)3 

250 6 

209 

384 2 

225 

570 3 



1<)1 

257 6 

210 

394 2 

226 

584 0 



1<)5 

261 8 

211 

404 3 

227 

597 9 




(2) PIIOMONAPHIHALLNI' —Range honi 215° to 282° 


IT 

P 

T 

P 

T 

P 

T 

P 

215° 

158 85 

232° 

248 3 

249° 

377 3 

266° 

557 6 

'216 

161 25 

233 

254 65 

260 

386 35 

267 

570 05 

217 

167 7 

234 

261 2 

251 

391 6 

268 

582 7 

218 

172 3 

235 

267 85 

252 

405 05 

269 

595 6 

1219 

176 95 

236 

274 66 

253 

414 65 

270 

608 75 

[220 

181 75 

237 

281 6 

254 

424 45 

271 

622 1 

221 

186 65 

238 

288 7 

255 

434 45 

272 

635 7 

222 

191 65 

239 

295 95 

256 

444 65 

273 

649 5 

223 

196 75 

240 

303 35 

257 

455 0 

274 

663 55 

221 

202 0 

211 

310 9 

258 

465 6 

275 

677 85 

225 

207 35 

242 

318 65 

259 

476 35 

276 

692 4 

226 

212 8 

213 

326 5 

260 

487 35 

277 

707 15 

227 

218 4 

244 

334 55 

261 

498 55 

278 

722 15 

|228 

221 15 

245 

342 75 

262 

509 9 

279 

737 45 

229 

2.10 0 

246 

351 1 

263 

521 5 

280 

752 95 

230 

215 95 

247 

359 65 

264 

633 35 

281 

768 7 

2 41 

242 05 

248 

368 4 

265 

545 35 

282 

784 6 


(1) Diblnzyl K 1 . 10 NE —Range fioni 280° to 332° 

T I> TP T P T P 

280 215 2 294° 344 5 308° 474 0 322° 639 3 

1 281 251 1 295 352 7 309 484 5 323 652 6 

282 257 7 296 361 1 310 495 2 324 666 2 

283 264 2 297 369 6 311 506 2 325 679 9 

284 270 8 298 378 2 312 517 3 326 693 9 

285 277 5 299 387 0 313 528 6 327 708 1 

286 28 i 4 300 396 0 314 540 1 328 722 5 

287 291 4 301 405 1 315 551 8 329 737 2 

288 298 5 302 414 4 316 563 6 330 752 0 

289 305 8 303 423 9 317 575 7 331 767 2 

290 313 3 304 433 6 318 588 0 332 782 5 

291 320 9 305 443 4 319 600 5 

292 328 6 306 453 4 320 613 2 

293 336 5 307 463 7 321 626 2 

(3) Young, Journ CUiein Soc vol 55, p 483 
(2) Ramsay and Young, Journ Ohem Soc vol 47, p 640 
(4) Young, Journ Ghem Soc (1891) 
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Tables of Boiling-poinis — Continued 


(5) MI'Pclia — Range fioui 330“ to 360° 

TP TP TP T P 

330° 461 7 338° 538 4 346° 625 1 354° 722 7 

331 470 8 339 548 b 347 636 7 355 735 7 

332 480 0 340 559 1 348 648 4 35b 749 0 

333 489 3 341 569 7 349 660 4 357 7b2 3 

334 498 8 342 580 4 350 672 5 358 775 9 

335 508 5 343 591 3 351 681 8 359 789 7 

336 518 3 344 602 4 352 697 3 360 803 7 

337 528 3 345 613 7 353 709 9 

(5) Ramsay and Young , ahem hiut vol 4% p 37, Young, Chem 

(1891) 
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Abnormal expansion, 156 
Absolute standaid pressure, 1, 117 
\bsolutt tempeiatuic, 154 
Absoiptioii coeliicKiit, 254 
Absmptiou pipette, 81 
Acetyleiu, estimation of, 91 
jncpaiation ol, 53 
AiliaDatu txpaiisioii, 185 
Air, analysis ot, 9b 
atmosplierit, 96 
variations in composition of, 97 
Alloy, iusible, 22 
Ammonia, boilmc; point of, 246 
in ail, 97 
pieparation oi, 50 
voleanit, 50 

Ai gon, boilmg-pomt of, 246 

density ami atomie weight of, 113 
disc overy ot, 99 
flat tionation of, 214 
jneparatioii of, 100, 105 
(plant it y ol, in air, 116 
Atmolysis, 289 

Avogadio’s hypothesis, 2, 66, 134 

Baly’s piirn}), 10 
Baiometeis, 143 

Boiling point ol liquefied gases, 247 
Boyle’s law, 1, 64, 140, 161 

Caillotet and Mathias, law of, 249 
f ’alibi ation of tubes, 76 
Oallendai’s theuuometer, 151 
Cainllaiity, 60 

Carbon dioxide, boiling point of, 245 
ostimation ot, 85 
m an, 97 

Inpiet action of, 174, 183 
preparation of 49 
solubility of, 255 

Carbon monoxide, boiling-point of, 245 
estimation ol, 87, 94 
prepaiation of, 49 
solubility of, 260 
Chlorine, boiling point of, 246 
preparation ol, 47 
Coil, induction, 309 


I Combustion of gases, 92 
Compressibility of gases, 92, 161, 171 
Compression apparatus, 229 
Condensation, surface, 9 
Constant pressure gas thermometer, 151 
Constant volume gas burette, 69 
Constant volume gas thermometer, 149 
Continuity of states of matter, 171 
Continuous cooling, 183 
Critical pressure, 178, 247, 248 
Critical temperature, 172, 178, 247, 243 
Critical volume, 178, 247, 248 

Dalton’s law, 254 

Densities, Leduc’s determination of, 129 
Morley’s, 130 
Rayleigh’s, 126 
Regnault’s, 125 
table of results, 133 
Density, determination of, 121 
indirect determination of 133 
Density globes, 119 
Densit}, standard of, 117 
Diftusion, 288 
fractional, 289 
Dischaige, electric, 309 
Distillation, fractional, 210 
Dulong and Arago, experiments of, 161 

Effusion, 278 

Electrolysis of sulphuric acid, 44 
Electrolytic gas, composition of, 135 
preparation of, 45 
Ethane, preparation of, 52 
Ethylene, boiling pomt of, 242 
estimation of, 90 
preparation of, 53 
Expansion of gases, 147 
Explosion of gases, 92 
Explosive mixtures, limiting, 93 

Fluorine preparation of, 45 
Fractional distillation, 210, 223 
Friction, external, 286 
internal, 285 
Furnace, tube, 38 
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Gas analysis, 64, 80 
burette, 66 

laws, timdamental, 1, 64 
leservoirs, 29 
tubes, 26 

Gases from iiatiiial waters, 32 
Gases, preparation ot, 36 
sampling oi, 35 
storage of, 30 

Gay Lnssac’s law, 1, 64, 161, 147 
Geissler’s pump, 4 
Glass junctions, 18 
Gravity constant, 1 

HarnpsoiTs an liquefier, 115, 190, 199, 208 
Flelinm, atmosplieiic, 115 

and liydrogen thermometer, 155 
boiling point of, 246 
<lensity and atomic weight of, 113 
discovery and preparation of, 109 
estimation in minerals, 113 
homogeneity of, 114 
Henry’s law, 254 
Hydriodic acid, 51 
Hydrobromic acid, 51 
Hydrochloric acid, 51 
Hydrofluoric acid, 47 
Hydrogen, boiling point ot, 196 
estimation of, 84, 93 
liquefaction of, 195 
preparation of, 42 
solubility of, 260, 270 

India rubber junctions, 19 

Joule-Thomson effect, 155, 176, 187, 194, 
196 

Junction, ground glass, 19 
metal to glass, 22 

Krypton, boiling point, etc 246 

density and atomic weight of, 113, 232 
discovery of, 115 
separation from an, 118, 221 

Liquetactioii of gases, 182, 209 
Liquid air, composition of, 224 
xmoduction of, 190 
Liquid hydrogen, 195 
Lubricant for stopcocks, 25 

McLeod’s gauge, 157 
Manometei, Amagat’s, 164 
Onnes’s, 162, 165 
Mercury, density of, 73 
pumps, 3 

methods of purifying, 15 
troughs, 26 

vapoui pressures of, 65 
Methane, estimation of, 95 
preparation of, 53 
Methyl chloride, 53, 246 


Mivtiircs, law of, 2, 64 
vapour piesbuie ot, 225 
Moleoulai weights of giscs, 140 

Neon, hoilmg point of, etc , 246 

density and atomic weight ot, 113, 218 
discovery ot, 115 
separation ot, 115 

Nitiic o\ide, boiling point, etc , 243 
prepaiatioii ot, 50 

Nitiogcn, absorption by cilcium, 102 
by lithium, 103 
hy magnesium, 100 
xtmospheiic, 49 
fraction itinn ot, 1 12 
boiling point of 241 
coinhination with oxygen, 104 
prcpaiatioii ot, 48 
solution m water, 260 
Nitrous oxide, boiling point, etc , 211 
pieparatioii ot, 50 

Oxygen, boiliiig-poiiit, etc , 239 
estimation ot, 83 
m air, 96 
in liquid an, 221 
liQuelactioii of, 183, 184, 190 
piepiratioii ot, 43 
solubility ill water, 260, 270 
Ozone, 54, 241 

Palladium, 43 

Phospliorettcd hydrogen, 51 
Phosphorus pcntoxidc, 41 
Pressme, absolute standaul, 1, 117 
coefhcicnt of gasc^, 348 
Pressme gauges, 141 
Pumps, compiession, 190 
meicury, 3 

PV, value ot, for air, 165, 234 
FV, value of, for nitiogen, 167 

R, value of, 2 
Rarehed gase^s, 157, 159 
Rctractivity, 291 

Regiiault’s values for PV, 162, 16b, 167 

Scales, graduation of, 59 
illnnnnation ot, 58 
mirror, 56 

Sealed-tube leactions, 34 
Silicon fluoride, 53 
Sodium hydride, 42 
Solubility of gases in liquids, 251 
Sparking ot gases, 104 
Specific heats at constant pressme, 26 
270 

at constant volume, 262 
ratio of, 271 
Spectra of gases, 310 
Spectrometers, 303 
Spectrum analysis, 297 
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Sprengel’s pixmp, 11 
Sticktion, b2 
Stopcocks, 23 

Sulpluu dio\ide, 52, 183, 246 
Sulphxiictted kjdrogcii, 52 
Svplion delivery tube, 37 
Syplioii pipette, 28 

Telescope, reading, 57 

Teinpei atm e, standard, 1 

Temperatures, constant, 315 

Theimodyiuime scale of temperature, 155 

Tliernioineti y, 149 

Tlieimostats, 315 

I'uplei s pump, 5 

Tiaiispiration, 284 

V leiiupi tubes (spectroscopic), 298 
Vaeuum vessels, 192, 1<^8, 207 


Van der Waals’s equation, 139, 156, 175, 
255 

Vapour pi assures, ealculatioii of, 236 
Vapour pressures of liquelied gases, 227 
of methyl alcohol, 239 
of w ater, 65, 238 
Viscosity, 285 

Volume coefhcieiits of gases, 148 
Volume, measurement of, 66, 71 

Wash bottles, 40 
Water, composition of, 135 
density ot, 73, 74, 128 
vapour pressures of, 66, 238 

Xenon, boiling point, etc , 246 

density and atomic weight of, 113, 222 
discovery of, 115 

sepal ation from aigon and krypton, 118 


THE END 
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